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Preface

This experiment is a reincamation of the Advanced Beam Experiment which was
originally developed by the Vibrations Branch of the Flight Dynamics Lab at WPAFB.
The modified experiment was constructed and carried out in the AFIT labs, also at
WPAFB. The structure and some of the actuators are the same as the original Advanced
Beam Experiment, while the remaining hardware is either new or significantly modified
from the original experiment.

The primary goal of this project was to develop a simple baseline experiment which
could be used to evaluate controllers for the large space structure problem. A secondary
goal was to actually demonstrate several of these controllers once the system was
developed. In accordance with these goals, the majority of this text describes the
development and characterization of the system. For those interested oniy in ithe overall
configuration and resuits, Chapters 1, V, VI, VII, and VIl should provide all the
necessary information. Chapters I, I, and 1V are dedicated to the characterization of
the components and design considerations used in developing ihe system.

I would not have made it as far as | did with this experiment had it not been for the
help I received from several individuals, and | would like to take this time now to thank
them. Dr. Calico, my thesis advisor, provided invaluable guidance. He nudged me
along when i was stalled, and he shared my enthusiasm when results started coming in.
Mr. Nick Yardich, the lab supervisor, not only made sure | had what 1 needed. but he
also managed to get me most of what I wanted. The lab technicians provided answers
to the questions you can't always find in text books, and I found that there are many
questions which fit into this category. Most of all, I would like to thank my wife,

Lynette, for marrying an engineer. Although she didn't alwavs understand what 1 was
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doing, she always listened to me, she always sympathized with me, and she celebrated

with me when it was all over.

David R. Jacques
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Abstract

The past decade has seen much interest generated in developing a permanent space
based platform. Onme of the primary challenges to establishing these platforms lies in the
ability to control the structural vibrations which will inevitably be generated. Many
different control methods have been proposed for the large space structure vibration
problem, but as vet there are few baseline experiments which allow consistent
comparison of these different controllers. Such a baseline experiment must be
completely characterized, and all variables affecting the outcome must be understood and
controlled. The experiment described in this report represents a small scale attempt o
establish such a baseline experiment at AFIT. It consists of an inverted cantilever beam
with rectangular cross section. Proof mass actuators mounted on the free end of the
beam, and a structural dynamics shaker mounted at a midpoint on the beam provide the
control force inputs. The integrated output of beam mounted accelerometers provide
velocity feedback, and a programmable controlier allows different control algorithms to
be easily implemented. In addition to a complete characterization of the svstem. basic
velocity feedback tests were conducted for gain verification. Several optimal controllers
were implemented, and modal suppression techniques were attempred to demonstrate
control over selected modes while maintaining overall svstem stability. In all cases
experimental results are compared to analvtical predictions. Suggestions for improving
upon the baseline experiment are made, and fundamental issues regarding experimental

research in this area are discussed.




BASELINE EXPERIMENT FOR ACTIVE CONTROL
OF STRUCTURAL VIBRATIONS

I. Introduction

It is no secret that mans’ presence in space is increasing. It should also come as no
surprise that the size and complexity of the structures being put in space are also
increasing. Projects such as the NASA space station and the Space Defense Initiative
(SDI) are but two examples of where this trend is leading to in the near future. These
projects will require large structures and very stable platforms in order for functions
such as pointing and tracking to be camed out, often with requirements for arc-second
accuracy. In the case of the space st .tion, the platform must remain stable and relatively
still during docking maneuvers and in the presence of shifting cargo and personnel.
Although problems such as these have long since been solved for earth based platforms,
the zero-gravity environment presents a much more challenging problem.

In addition to the size of the structure, a second factor compounding the problem is
the weight constraints being placed on them due to launch payload considerations. The
large size, and relatively light weight of these structures will result in many low
frequency, very lightly damped and closely spaced vibration modes. The low damping
inherent in these structures must be compensated for in order to minimize the effect of
disturbances on the system. Passive damping (i.e. sophisticated shock absorbers) is a
partial solution to the problem, but a final stabilization system for a large space structure
will most likely require a combination of passive damping and active control. In most
cases, it will not be practical or possible to control all the modes. Oftzan the higher

frequency modes are not as easily excited, and passive damping will probably be able to




solve most of the problems associated with these modes. The lower frequency modes,
on the other '.and, most likely will require active control in order to stabilize them.
Even with the lower frequency modes however, the cost and complexity of these
systems will require hard choices concerning which of these modes can and need to be
controlled.

During the past decade there has been a great deal of interest generated in contro!
schemes for large space structures (LSS), and several of the proposed methodologies
show great promise. Although most of the work to date has been analytical in nature,
several of thes~ control schemes have been implemcnted in experimental hardware.

Examples of experimental work in this field include the following:

NASA Langley Research Center: The active control of a free-free uniform beam

using a non-linear, on-off control law. (1)

NASA Langley Research Center: Active vibraticn damping of a 7 by 10 foot
flexible grid. (2)

Jet Propulsion Laboratory: Siatic shape and dynamic control of a vertical, pinned-

free flexible beam. (3)

Lockheed Palo Alto Research Laboratory: The control of both the rigid body and
structural modes for a circuiar plate using High Author.iy Control/Low Authority

Control (HAC/LAC) designs. (4)




Control Research Laboratory, The Ohio State University: The smictural control of a
free-free flexible beam using classical design techniques and decentralized optimal

controllers. (5)

Control Research Laboratory, The Chio State University: The control of both the
rigid body and structural modes of a counterbalanced slewing beam using classical

design techniques. (6)

Charles Stark Draper Laboratory: The active vibration damping of a fixed-free

flexible beam using Optimal Projection/Maximum Entropy design methodologies. (7)

The projects mentioned above often defined controllers which produced predictable
results for a specific system. Missing from much of this work however, are direct
comparisons between different controllers implemented on the same system. In order to
accomplish this, a baseline experiment is needed in which the structure, sensors, and
actuators have been thoroughly characterized, and a good simulation model for the
system is available. Such an experiment would be capable of providing useful and valid
evaluations and comparisons of candidate control systems. There is work being done
towards this end, and examples of this are the NASA-VCOSS Test Facility at the
Marshall Space Flight Center, and the 12-meter space truss experiment being developed
at the Air Force Flight Dynamic Lab (WRDC/FIBG). Although not on the same grand
scale as these two examples, the present work being pursued at AFIT with the
reincarnated ”“Advanced Beam Experiment” is also directed towards providing a baseline

experiment for evaluation of candidate control methods.




The Advanced Beam Experiment (ABE) was originally developed by WRDC/FIBG.
(See Figure 1.) It was devisad (0 demonstrate active control of a cantilevered beam in
two orthogonal bending axes and torsion. The original goal of the experiment was to
use inertial sensors and actuators mounted on the beam itself, such that the dynamics of
the actuators become coupled to those of the structure they are attempting to control.
Several different control schemes were implemented on this structure. Cristler(8)
demonstrated active control using a Linear Quadratic Gaussian (LQG) design and modal
suppression techniques. Breitfeller(9) used a low authority controller based on root
perturbation techniques, and a high authority controller based on a frequency-shaped cost
functional. Both of these efforts were partially successful; iiowever, there were several
problems which became evident in the original configuration for the ABE. The first of
these problems was that the linear proof mass actuators had limited travel (+ 0.5 in), and
as such were limited to less than rated force output below about § Hz. (The first
bending mode for each axis was below 2 Hz.) Compounding the actuator problem was
that they were all located on a mounting plate attached to the free end of the beam,
which happened to be very close to a node for the second and third bending modes. (In
fact, the weight of the mounting plate and actuators moved the node of the second and
third bending mode towards the free end of the beam.) The second problem with the
experiment was low frequency drift present in the sensor channels which caused the
proof mass actuators to continually drift into the mechanical stops. It was with full
knowledge of these problems, and hopes of correcting them, that AFIT chose to
resurrect the ABE so that it may yet again be used to evaluate candidate control methods
for structural vibrations.

The modified ABE consists of the inverted fixed-free cantilever beam. Only two of

the original fcur proof mass actuators were available for use; therefore, torsion and




bending in only one plane can be controlled. The two proof mass actuators remain
mounted on the base plate at the free end of the beam, but a structural dynamics shaker
has been added at a second location to provide better control over 2nd and 3rd mode
bending. Sensor channels have been modified to partially correct the low frequency drift
problem. Systolic Array Systems’ PC-1000 is again used as the programmable
estimator/controller.

The goals of the work presented here are to develop a simple baseline experiment in
which all variables are understood and controlled. This involves system identification of
the structure, actuators and sensors. A model based on the system identification will be
developed which accounts for structural damping, damping caused by the actuators, and
damping caused by the presences of sensor and actuator cables along the beam. Basic
velocity feedback will be used for gain verification, and control over selected modes will

be attempted using optimal control and modal suppression methods.




Figure 1. Advanced Beam Experiment




II. Actuator Characterization

Actuator System Qverview

The original Advanced Beam Experiment (ABE) used two pairs of linear proof mass
actuators mounted in orthogonal axes on a circular base plate attached to the bottom of
the beam. Although this allowed for simultaneous control in both bending planes, the
combined weight of the actuators ( = 4 Ibfactuator) and base plate ( = 11 Ib) created a
node for the second and third bending modes in both planes very close to the free end of
the beam. As a result, the actuators were not in a very good position to affect second
and third mode bending. To make matters worse, maximum force output from the
actuators ( = 2 Ibf/actuator) could not be achieved below about 5 Hz, while the first
mode bending frequencies were both below 2 Hz. The end result was that the actuators
were only capable of providing efficient control for the torsion mode whose frequency
was approximately 13 Hz.

For the reincamation of the ABE, only two of the original four actuators were
available for use. This limited the modified experiment to control in torsion and only
one bending plane. Modifications to the beam were considered which would have raised
the first mode bending frequencies and moved the nodal positions away from the free
end; however, this had the adverse effect of moving the third mode bending frequency
out of the linear range of the actuator dynamics. The final decision concerning the
actuators was to leave the two proof mass actuators mounted on the base plate to control
a single bending plane and torsion. In order to provide greater control over second and
third mode bending, a structural dynamics shaker was attached to a higher position on
the beam. This went against the original goal of using inertial actuators mounted on the

beam itself, but it was the most attractive option available at the time.




Proof Mass Actuators-Actuators A and B

The proof mass actuators used in the ABE are linear dC motors which provide
control force using momentum exchange between the base and the moving mass. (See
Figure 2.) They consist of a linear motor coil mounted on two support brackets which
are mounted to the base plate. The 2 Ib cylindrical proof mass contains the motor
magnets which are driven by the motor coil. The proof mass travels on linear bearings
which allow for * 0.5 inches of travel. Rubber grommets on the shaft prohibit travel
beyond this limit and protect the brackets and proof mass from impact damage. The
actuators are instrumented with Linear Variable Differential Transformers (LVDT’s)
which provide feedback of the relative position between the proof mass and brackets.
Mounted on the proof mass is a piezoresistive acceierometer to provide force feedback.
The motor coil is driven by a current driving power amplifier circuit. The power
amplifier has a current limiter (limited to 2 amps) which prevents burning out the motor
coils. With a current of 2 amps from the amplifier card, each motor can provide a
maximum of 2 Ibf. Specifications on the motors, LVDT"s, accelerometers and power
amplifiers can be found in Appendix A. A complete description of the development of
these actuators can be found in Reference 8.

The open loop response of the actuators exhibited several undesirable characteristics:

1. The low frequency behavior was non-linear due to several factors. The bearing
friction and associated hysteresis caused drift of the center position. Also, the
limited stroke length would not allow for maximum force output below about 5 Hz.
For very low frequencies ( < 1 Hz), the bearing friction often overcame the

commanded force output of the actuator.




Ficqure 2. Proof Mass Actuator

2. The zero adjustment of the power amplifier circuit required continual adjustment,
as the zero position would shift as a function of both frequency and amplitude.

3. The open loop frequency response has a roll off and associated phase shift in the
vicinity of one of the fundamental bending mode frequencies.

4. Non-linear bracket dynamics appeared in the region of 120-150 Hz.

In order to overcome these open loop characteristics, a closed loop feedback system was
implemented around each of the actuators. The details of this feedback design and
implementation are completely described in Ref. 8, and will not be repeated in this

report. The overall goals of the final design were as follows:




1. Provide a flat response over the experiment control bandwidth. While the

original ABE limited the control bandwidth to 0 to 50 Hz, the modified experiment

uses an expanded control bandwidth of 0 to 100 Hz.

2. The actuator proof mass should remain inertially stationary when uncommanded.
3. The actuator proof mass should remain centered when commanded at varying
frequencies and amplitudes.

4. The actuator proof mass should remain within the + 0.5 inch physical limits.

The actuator compensator circuit diagram is shown in Figure 3. The associated
block diagram for the final control configuration is shown in Figure 4. Although the
compensator circuit is the same as was used in the original ABE, modifications in the

form of varying resistance values were necessary for the following reasons:

1. The characterization of the open loop actuator seemed to change slightly. The
low frequency pole shifted higher, the bearing friction deteriorated further, and the
actuators were sensitive to environmental changes. (The environmental sensitivity
was discovered during a two week period in which the lab air conditioning was
inoperable.)

2. The modified ABE required a bandwidth of 0-100 Hz due to the inclusion of
third mode bending with a frequency of 60-70 Hz.

3. Different feedback accelerometers were used, and the difference in the

sensitivities had to be compensated for.

10
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The predicted frequency response of the final configuration for Actuator A is shown
in Figure 5. Although the actual output of the motors is force, the transfer function
shown is a ratio of accelerometer voltage to command voltage into the power amplifier.
The magnitude of response remains fairly flat over the entire control bandwidth, but a
phase shift is present at both the low and high end. Even the phase shift, however, stays
within * 10 degrees of zero between first mode (2 Hz) and third mode (63 Hz);
therefore, this configuration was deemed adequate pending actual measurements.

Closed loop actuator response was measured using sine dwell tests on the bench
mounted actuators. The ratio of proof mass acceleration voltage output 1o voltage input
was measured using a B&K Model 2032 Signal Analyzer which provided both the
magnitude and the phase shift. A comparison of the measured and predicted response
for actuator A is shown in Figure 6. The overall shape of the response shows good
agreement with the prediction. A slightly greater phase shift at the high end of the
control bandwidth can be noted in the measured response, but it is still within £ 10
degrees at the third mode bending frequency. The offset in the magnitude of response is
attributed to differences in the open loop responses of the actuators. A similar offset is
noted in the characterization of actuator B, (see Figure 7), but it shows up as a degease
rather than an increase in amplitude. One possible cause of this is that the mounting
bracket consists of two supports; the bearing shaft alignment, which depends on the
relative position of these two supports, will determine how freely the proof mass moves
along the shaft. The shaft alignment is a function of the initial fabrication of the
supports and how carefully the brackets are aligned each time the actuator is remounted.
Because the remounting affects the alignment, the characterization of each actuator will
change slightly as the actuator is transferred from the calibration bench to the base plate

of the structure where it will be used; therefore, the calibration must be rechecked after

13
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each mounting. In hindsight, a better design would have been to have the shaft set in a
one piece cradle assembly which would not be affected by remounting.

Once the actuators had been characterized on a fixed table, a series of tests were
conducted in which the base was free to move, thus simulating the actual conditions
under which the actuators will be used. The first test re-measured the frequency
response of the actuator with the base free to move. The second test measured the
maximum force output of the actuators at the first bending mode frequency, and the
final test measured the uncommanded proof mass response to base motion. These tests
were conducted with the actuator mounted on a slip table. The slip table consists of two
plates and bearings which ride in grooves cut in the lower plate. The upper plate, on
which the actuator is mounted, is free to move in a single direction. The upper plate is
instrumented with an accelerometer; the force output of the actuator can be determined
by multiplying the acceleration of the plate by the combined mass of the actuator base,
upper plate, and accelerometer. Proof mass acceleration for the uncommanded base
motion tests were measured with the accelerometer mounted on the proof mass itself.

The frequency response test of the actuators showed no significant change from those
conducted with the base fixed. As was previously noted in Ref 8, the larger
displacements associated with the low frequencies showed the cable stiffness to be a
factor in the response; however, this should not be a problem in the final configuration
because the cables will be moving with the actuator base. Only the accelerometer lead
from the proof mass itself will experience relative motion, and this was included to
some degree in the earlier characterization.

The maximum force output of the actuator can be limited by one of two factors.

Above 5 Hz the maximum output is limited to about 2 1bf by the motor coil capability

17




(2 amps max). Below 5 Hz the maximum force output is limited by the distance the

proof mass can travel. For low frequencies, the peak force can be predicted by

F = mgw’d (D

where m,, is the mass of the proof mass and attached accelerometer (5.286x10” Ibf
sec?/in), w is the frequency of the signal driving the motor, and d is the peak
displacement. For maximum output, d=% 0.42 in, because .16 inch of the nominal
stroke is lost to the rubber grommets which buffer the proof mass from the mounting
brackets. In order to measure the maximum force output at the first bending mode, (all
other modes are above 5 Hz), the motor was driven at 2 Hz, and the amplitude was
increased to the maximum possible without the proof mass impaciing the stops. Table I
shows the theoretical vs measured maximum force output at the first mode bending
frequency. Adding the maximum output for both actuators indicates the maximum total

control force available from the proof mass actuators for control of mode 1 bending is

+ .59 Ibf.
Table I. Actuator Maximum Force Outputs at 2 Hz
Actuator F,q (1bf) F... (Ibf) Efficiency (%)
A 361 298 82.5
B .361 292 80.9

The base motion transfer function test is designed to test the ability of the
uncommanded actuator control system to maintain an inertial position while the base is

moving. This test was performed by driving the base with a structural dynamics shaker,

18




and measuring the acceleration of the proof mass. A dynamic force gauge between the

shaker and slip table base was used to measure the driving force. A perfectly floating
proof mass would register zero acceleration regardless of the base motion, provided it
stayed within the physical limits of the stops. An ideal viscous damping element would
have a 90 degree phase lag between the input and the output. In actual tests, a 70-110
phase lag between the driving force and proof mass acceleration was noted, indicating
damping which can reasonably be modelled as viscous. Although these tests could be
used to determine quantitatively the actuator damping, the method for beam
characterization described in Chapter III includes actuator damping as part of the
measured structural damping. For this reason, the actuator damping calculations were
unnecessary, and were not carried out. The primary reason for performing this test was
to check the viscous damping assumption, and insure that the proof mass could remain
centered. Although the proof mass maintained its centering very well for a given
frequency, large variations in frequency or amplitude still caused the centering to shift
and eventually the actuator would hit the stops. This problem was noted in the previous

work with these actuators, and there was not much that could be done about it.

Structural Dynamics Shaker-Actuator C

The third actuator (termed Actuator C) was auded to effect more control over second
and third mode bending. Actuator C is an Acoustic Power Systems (APS} Model 13-
LA Structural Dynamics Shaker, and it is driven by an APS Mode! 114 dual mode
power amplifier. (See Figure 8.) This shaker was chosen because of its long stroke limit
(6 inches) and excellent response in the control bandwidth. Specification sheets for the

shaker and amplifier are contained in Appendix A.

19




Figqure 8. APS Shaker-Actuator C

The APS shaker and amplifier are capable of operating in several different modes
depending on whether the shaker body is free to move, whether or not the internal
(rubber band) suspension of the shaker is engaged, and which mode (current or voltage)
the amplifier is operating in. The best frequency response was obtained using the
current mode of operation with the suspension removed. Figure 9 shows the frequency
response of the shaker operating in this mode. The exceptionally flat response allows
“open loop” operation, thereby eliminating the feedback problems encountered with the
proof mass actuators.

In keeping with the original goals of using inertial actuators and sensors for the

ABE, the "correct” method for attaching the shaker to the beam would be to suspend the
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shaker body from a high ceiling and attach the armature to the beam. The shaker body
then acts as a reaction mass in the same way as the proof mass does for the linear
motors. In order to not interfere with the first mode bending, the pendulum frequency
should be at least an order of magnitude below the bending frequency; this would
require a suspension height of 20 to 30 feet.

Alas, the "correct” way is not always the best way for a given situation. Only one
APS shaker was available, and because this shaker was also being used to calibrate
accelerometers and force gauges, an easier mounting method was required which would
allow for relatively quick remounting and realignment. As a result, the shaker was set
on a platform external to the beam, and the armature was connected to the beam with a
thin push rod. Although this provides for excellent control force input, it is not truly
indicative of the space structure problem, in that the dynamics of the shaker do not
become part of th'e structure being controlled. Time permitting, or if a second shaker
becomes available for calibration work, suspension from the ceiling should be

reconsidered.
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IT1. Structure

Overview

The structure consists of a six foot inverted cantilever beam with a 1”7 x 3/4”
rectangular cross section. A circular disk, (12" diameter, 1” thick), bolted to the free
end provides a mounting platform for the proof mass actuators. (See Figure 10.) The
disk also provides the primary component of rotary inertia for the torsion mode, thus
lowering the torsion mode frequency to within the control bandwidth. The configuration
was originally developed by the WRDC Flight Dynamics Lab to exhibit the large space
structure characteristics of low frequency, lightly damped and closely spaced vibration
modes. The vertical suspension of the beam, and the beam mounted sensors and
actuators, are meant to simulate the zero gravity, free vibration environment of a large
space structure. While the original ABE considered the first two bending modes in each
plane and the first torque mode, the modified ABE discussed here will consider the first
three bending modes in only one plane and the first torque mode.

Figure 11 shows the configuration and dimensions of the structure, and Table II lists

the physical characteristics.

Analytical Models

The ABE structure is simple enough that a partial differential equation (PDE) model
could be used in order to estimate natural frequencies and mode shapes. For ease of
analysis, a Bernoulli-Euler beam model was chosen for preliminary analysis. The
Bernoulli-Euler model assumes small deflections, linear elastic behavior, no axial
(x-axis) forces, and homogenous material characteristics. In addition, the model neglects

shear deformation and rotatory inertia effects. Of all these assumptions, the one
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Table II. Structure Physical Properties

Property Description
Beam Length (L)

Y Cross-Section Width (a)
Z Cross-Section Width (b)
Cross-Section Area (A)
Young’s Modulus (E)
Shear Modulus (G)

Beam Density (p)

Beam Mass (m,)

Y Moment of Inertia (L)
Z Moment of Inertia (1)

Torsional Moment of Inertia (K)’

Polar Moment of Inertia (1.,)

Plate Diameter (d)
Plate Thickness (1)

Plate Mass (m,)

Plate X Mass Moment of Inertia (Ip.)
Plate Y-Z Mass Moment of Inertia (I5,)

* Adjusts for the rectangular cross-section

Value
70.75

1.01

0.758
0.7656
10.8x10°
4.1x10°
2.591x10*
1.403x107
3.667x10*
6.508x10
7.913x10
1.865x10°
12.0

1.0
2.847x107
0.5125
0.2562

K = ab’[16/3 - 3.36(bja)(1 - b*/12a%)}/8 (10:290)
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Units
in
in
in
in?
Ibf/in?

ibf/in’

Ibf-sec?/fin*

Ibf-sec?/in

Ibf-sec’/in
in
in
Ibf-sec?/in
Ibf-sec’in

Ibf-sec*in




most severely violated by the ABE structure is that of no axial forces. The relatively
heavy disk and actuator assembly at the bottom (free end) of the beam actually places
the beam in tension. However, the PDE model is only being used for preliminary
estimates; therefore, the assumptions are easily justified. Experimental modal analysis
will be used for the final characterization and model development, and this process will
account for axial loading effects, as well as shear deformation and rotatory inertia.

The Bemoulli-Euler equation of motion for Z-axis bending is

2
EI%—%LQ+pAQa—V{E&Q=O 2)

The boundary conditions for the ABE structure are

v(0,) = 0 3)

d v(0,t) _

Jd X 0 )
v+ B4R L (5)
M, - EI 32—1959 -0 (6)

where V| and M, represent the inclusion of the base disk in the boundary conditions.

VL=‘mpg\{zLQ (7
ov(L.t)
M, = - I, gz—t,-( ox ) (8)

If we employ separation of variables
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v(x,t) = ¢(x) 6(1)
we can then set up the eigenvalue problem

¢™(x) - B* ¢(x) = 0

6 + p* -E—IAG(t) =0

The general solution of the position dependent equation can be written as

&(x) = A sin(fx) + B cos(fx) + C sinh(fx) + D cosh(px)

&)

(10)

(1)

(12)

Applying the boundary conditions (equations 3-8) to equation 12, and eliminating any

possibilities of translational modes (§=0), results in

F.B) = mp-ﬁ- [sin(BL) - sinh(BL)] - [cos(BL) + cosh(BL)]}

pA

Fu(®) = m, =L (cos(BL) - cosh(BL)] + [sin(BL) - sinh(L)]

p A

Fa(B) = 2% 8'(cos(BL) - cosh(BL)] + [sin(pL) + sinh(BL)}

Fou(B) = %@ Isin(BL) + sinh(BL)] + [cos(BL) + cosh(PL)]

28

(13),(14)

(15)

(16)
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(18)
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The n modal frequencies can .be determined by setting det[F(§)]=0 and, from the time

dependent equation

@, = B2 V (EY/pA) (20)

Once the values of B, have been determined, the coefficients of the eigenf mctions
(equation 12) can be determined from equation 15.

For this preliminary analysis the actuators were not included in the mass of the disk
Figure 12 shows the eigenfunctions predicted by the PDE model for the first three
modes. Of special note is that the weight of the base disk causes the structure to behave
much like a fixed-pinned beam. For comparison, a PDE model of a fixed-pinned
Bernoulli-Euler beam was developed, and the eigenfunctions for this model are shown in
Figure 13. Modes 1 and 2 for the fixed-pinned beam correspond closely to modes 2 and
3 for the fixed-free beam.

A finite element model (FEM) for the modified ABE structure was developed by
Capt. Kevin Silva, a fellow AFIT student. This model included the mass and inertias of
the actuator bases. Because the proof masses theoretically “float” when uncommanded,
the proof masses themselves were not included in the FEM analysis. Figure 14 shows
the mode shapes predicted by the FEM analysis, and a comparison of the predicted

natural frequencies for the FEM and PDE model is presented in Table III.
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Tabte ITI. Predicted Natural Frequencies from Analytical Models
Fixed-Free Beam  Fixed-Pinned Beam FEM Model
Mode # Frequency (Hz) Frequency (Hz) Frequency (Hz)

1 2.17 N/A 2.06
2 28.01 27.44 27.75
3 76.36 76.36 76.10
4 138.35 137.54 Not Calculated
5 240.29 238.74 Not Calculated

Modal Analysis

Modal analysis is the process of extracting the dynamic characteristics of a vibrating
system from experimentally derived frequency response functions. The frequency
response functions (FRF's) are measured ratios of the system response to the force input.
The characteristics of interest are the resonant frequencies, damping ratios and mode
shapes. Although modal masses are not usually calculated directly from modal analysis
data, the mode shapes can be normalized in such a way that the modal masses take on
values of unity. Modal analysis provides a means for measuring the dynamic
characteristics of a structure, as opposed to relying on an analytical model to provide
this information. Modal analysis also provides measurements of structural damping
which can not be predicted by a PDE or finite element model. Because a large space
structure will most likely be assembled for the first time in space, it may not be possible
or practical to perform a complete modal analysis on the final structure. However, the

present goal of the ABE is to develop a baseline experiment in which the structure is
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completely understood; therefore, modal analysis, as the most accurate means available
for characterizing the structure, will be used as the basis for the model of the system.

Modal analysis relies on three main assumptions: linearity, time invariance, and
observability. These assumptions are easily justified for the ABE structure. Small
displacements will confine the systein w0 a linear operating regicn, excitations will
always begin while the system is at rest or a known initial condition, and sensors can be
placed on the beam such that all modes of vibration are visible. An additional
assumption, based on linearity, is the reciprocity principle. This states that for linear
systems, the energy stored in the structure (KE + PE) is symmetric in the variables of
force and velocity. Stated another way, a force at location A and measurement at
location B will yield the same FRF as a force at B and measurement at A. The
reciprocity principle greatly simplifies the procedure of modal analysis by allowing us to
vary the location of either the force input or the response measurement, while keeping
the location of the other constant. An excellent description of the modal analysis theory
and method is contained in reference 11.

An additional benefit of the linearity assumption is that, within the limitations of the
measuring devices, a measured response to any known input enables us to predict the
response to any other input. The two most common inputs used to meastxe FRF's are
impacts and uniform (or wide-band Gaussian) random noise. Both of these inputs can
provide a relatively flat frequency spectrum for the bandwidth of interest, thus equally
exciting all vibration modes in that bandwidth. For the present project, both impact and
random noise inputs (in separate tests) will be used to excite the stricture. For the
impact tests, the response coordinate will remain stationary while the location of the
impact will vary. For the random noise tests, the opposite method will be used. A

B&K signal analyzer will be used to measure the complex FRF's, and Structural
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Measurements System’s STAR Modal software package (12) will be used to derive
natural frequencies, damping ratios, and mode shapes from the measurements. The
STAR Modal package uses a complex polynomial curve fit which employs the Rational
Fraction Least Squares method. (Other curve fit methods are available in the software,
but this was the method used.) Where possible, damping ratios calculated by STAR
Modal are compared to log decrement measurements from time response plots.

A series of impact tests were performed on the “clean” structure. The clean
configuration consisted of the actuator bases mounted on the base disk. The proof
masses were removed to simulate the floating of the uncommanded actuator during Z-
axis bending and torsion. No wires were present on the structure, and the shaker was
also not attached. This configuration is the same as was used for the FEM discussed
previously. The impact hammer for these tests was instrumented with a B&K Model
8200 force gauge, and an eraser tip for the hammer was chosen in order to get sufficient
energy into the structure for exciting low frequency modes. An impact calibrator was
developed based on a method described in reference 11. The calibrator consists of a
pendulous mass to which the accelerometer being used for response measurements is
attached. (See Figure 15.) The accelerometer was attached with beeswax, this being the
same method of attachment for the actual test. By using the same sensors, amplifiers,
signal conditioners and impact motion for the calibration as will be used for the actual
tests, a transductance ratio can be calculated which embodies the calibrations for both

the impact and response measurement channels.

R = m. (EJE) (21)
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where E, is the force voltage, E, is the acceleration voltage and m, is the mass of the
calibrator. Although the transductance ratio is actually a function of frequency, it was
relatively flat across the control bandwidth for these tests and was averaged into a single

constant.

N

N\
Wi

Figure 15. Impact Hammer Calibration Device

The B&K signal analyzer has the capability of overlaying separate measurement
windows on each of the input channels. For the impact tests, a transient force window
was used on the hammer impact measurements, and an exponential window was used on
the accelerometer response. The force window is set equal to unity during the duration

of the impact, and then a trailing cosine quickly tapers off to zero. This reduces the
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effect of stray signals from the hammer after the impact has occurred. The exponential
window is designed to minimize leakage errors associated with terminating the response
measurement before all vibrations have damped out, as is often the case for very lightly
damped structures. The exponential window starts at unity where the impact occurs, and
decays to a value of approximately .01 by the end of the measurement period. Because
the exponential window adds apparent damping to the measured response, the apparent
damping must be subtracted from the measured damping in order to determine the
structural damping.

Frequency resolution requirements dictated three separate tests to measure the first
three Z-axis bending modes and the first torsion mode. The first test used a 25 Hz
bandwidth to measure the first bending mode, the second used a 100 Hz bandwidth to
measure bending modes 2 and 3, and the third used a 50 Hz bandwidth to measure the
torque mode. The location of the response coordinate for each test was selected to
obtain a good response for the particular mode being measured, and an average of 10
measurements were taken for each combination of impact and response coordinates.
Table 1V lists the natural frequencies and damping ratios obtained from impact testing of
the clean configuration, and Figure 16 shows the associated mode shapes. The mode
shapes have been normalized to a maximum amplitude of 1 for comparison to the FEM
derived modes. The first mode shows very little error between the FEM and measured
data, with increasing error showing up in the estimates for the higher frequency modes.
Once again, of special interest are the mode shape components at the free end for modes
2 and 3. Other tests on these modes revealed that Z-axis rotation of the base plate was
taking place, which accounts for the fixed-pinned nature of the mode shapes. The node
near the free end of the beam created by the heavy disk and actuators greatly reduces

the effectiveness of the proof mass actuators in controlling modes 2 and 3. Sensors
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@
located at the free end will also see limited response from these modes. For these
® reasons, position 5 (28 inches from the fixed end) was chosen for the location of the
third actuator, and additional accelerometers will be located at positions 5 and 8.
(Position 8 is located 49 inches from the fixed end.)
¢ Table IV. Frequencies and Damping - Clean Configuration
Mode # Frequency (Hz) Damping (%)
° 1 (Z1) 2.03 129
2 (22) 26.48 375
3(23) 69.57 .086
° 4 (TH 13.50 Not Determined
Final Characterization
e For the final modal analysis tests, the structure was put in its final configuration.
The proof masses were returned to the actuators, the APS shaker was attached at
position 5, the four response accelerometers were attached, and all wires and cables were
® tied down along the length of the beam. While performing the tests, all actuators were
powered but uncommanded. Table V lists the frequency and damping ratios, and Figure
17 shows the mode shapes for the first three Z-axis bending modes. Both impact and
@ random noise tests were used to generate these results. For the random noise tests, a
rectangular measurement window was used, and 1000 overlapping averages were taken
for each pair of input and response coordinates. Overall, a significant increase in
L damping and decrease in frequency is noted for the final configuration. Although most
of the damping increase is due to actuator friction, the presence of the wires and cables
on the beam also contribute to the final damping measurements. Also noticeable is a
[
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decrease in the relative mode shape components (as compared to the clean configuration)
in the vicinity of the shaker attachment point. The normalization of the mode shapes
and the development of the model based on these final modal analysis tests will be

discussed in Chapter V of this report.

Table V. Frequencies and Damping - Final Configuration

Mode # Frequency (Hz) Damping (%)
1 (Z1) 1.97 6.40

2 (22 23.43 2.36

3 (Z3) 62.92 1.21

4 (T1) 13.35 0.839
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IV. Sensors/Measurement Channels

Overview

The original ABE used the integrated output of piezoelectric accelerometers to
provide velocity feedback for the controller. Although the integration process does a
great job of filtering out high frequency noise, the output is very susceptible to drift
caused by integrating dC offsets or very low frequency signals. The piezoelectric
accelerometers aggravated the problem by providing a relatively poor low frequency
response. One of the goals of the modified ABE was to improve upon the

sensot/integration channels.

Accelerometers

The modified ABE uses Endevco Model 2262 piezoresistive accelerometers for
measuring beam response. (Accelerometer specifications are listed in Appendix A.)
These accelerometers have a good low frequency response, and can in fact provide static
measurements. The signal conditioners (Endevco Model 4423) used in conjunction with
the accelerometers include a zero adjustment such that the output of the accelerometers
can be nulled prior to testing. Although the accelerometers and signal conditioners were
calibrated across the entire bandwidth, in most cases a single calibration constant had to

be chosen according to the frequency of interest for the particular test being conducted.

Integration Circuits

An ideal integration circuit for this experiment would provide perfect integration for
signals above 1 Hz, and would reject all signals below this. Unfortunately, filters such

as this can not be built; even filters which approach this ideal would have adverse phase

shifts well above 1 Hz. In order to not affect the phase above 1 Hz (an ideal integrator




should have a constant phase lag of -90 degrees), the break frequency needs to be placed
a full decade below this value.

The integrator used for the modified ABE experiment is shown in Figure 18. This
circuit is based on a design provided by WRDC/FIBG. The predicted frequency
response is shown in Figure 19. As shown, the circuit should provide “clean”
integration above 1 Hz. At 2 Hz, (the first mode bending frequency), there is less than
1 degree of phase shift, and the slope of the magnitude is -20 dB/decade. Below .1 Hz,
signals are increasingly attenuated with decreasing frequency, and the circuit should
eliminate all dC signals. The one remaining problem with this circuit is the high gain in
the low frequency region from .01 to 1 Hz, but this characteristic is unavoidable. The
final stage op-amp for the circuit includes an offset null adjustment which provides a

means for zeroing the entire measurement channel prior to testing.

AJ\/\
1M 10 uf
‘ ‘ Oo~-Amps are
o w 7477
1M
o '\/\/\ —+ 159 K
Acc. Input _
1M E Pate
Output
10 uf ==
1M -__’ ’_ —
' 159 X

Tiqure 18. Integration Circult Diagram
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Four integrators were constructed for the experiment, one for each measurement
channel. Figure 20 shows the measured frequency response of one of the integrators.
The integrator behaves as expected, with negligible phase shift and a straight
-20 dB/decade magnitude slope above 1 Hz. The break frequency is not as sharp as
predicted; this seems to be caused by variations and mismatching of the component
values. The random noise generator on the B&K signal analyzer can not provide a flat
noise spectrum down to dC, so the response below .1 Hz could not be measured
accurately. (See Figure 21.) However, the trend does show decreasing magnitude with

decreasing frequency below .1 Hz.

Final Measurement Channel

A side effect of the integration process is significant attenuation of the accelerometer
signal. This required compensation in order to boost the signal amplitude to values
close to the minimum full scale range of the input analog-digital converter on the
controller. To accomplish this, two stages of amplification were used on each channel.
(This is in addition to the amplification provided by the signal conditioners use-! with
the accelerometers.) A block diagram for a single measurement channel is shown in
Figure 22. The amplifiers are standard instrumentation amplifiers with selectable gain.
A low pass filter on the amplifiers was set to | KHz. The first stage amplifier was
placed before the integration circuit, while the second stage was placed after the
integrators. Gain had to be kept low (G,=5) in the first stage to avoid clipping the
signals in the integrator. The remainder of the required gain was provided by the
second stage (G,=20).

The complete measurernent channels (excluding the accelerometer and signal

conditioner) were calibrated using the random noise tests with the B&K signal analyzer.
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Figure 22. Measurement Channel Block Diagram

These calibration values (units of Volt-sec/Volt) were then multiplied by the
accelerometer calibration values to obtain a final gain value for each channel. The
calibrated gains for each of the measurement channels are listed in Table VI. These
gains assume an average sensitivity across the control bandwidth. If desired, these gains
could be optimized for a specific frequency by using the accelerometer sensitivity
determined for that specific frequency.

The measurement channels corrected some, but not all of the problems experienced
in the previous work done with the ABE. The piezoresistive accelerometers provide
good response at the first mode frequency, and the integrators introduced less of a phase
shift than those previously used. The dC cancellation of the integration circuit appears
to work well; the entire measurement circuit can be zeroed prior to testing, and even

intentional offsets introduced ahead of the integration circuit will be damped out after a
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Table VI. Measurement Channel Gains

Channel # Beam Position Gain (Volts/in/sec)
1 5 .1449
2 8 .1646
3 lla 1564
4 11b 1329

slow oscillatory decay. The measurement channels still have problems with low
frequency drift. Much of this seems to be caused by the amplifiers and could not be
avoided. The instrumentation amplifiers were “salvaged” from storage and were known
to have problems with drift. These amplifiers were the only ones available, and should
be replaced if the ABE is to be used more in the future. The other more fundamental
part of the drift problem is the limitation imposed by using accelerometers to measure
low level, low frequency motion in a noisy environment. The integration process
exaggerates the low frequency noise problem, and the amplification required by the
integration process amplifies the noise along with the useful signal. An alternative
method would be to use acceleration feedback directly, and let the state reconstruction
routines provide modal velocity est’:rates for control purposes. Sensor designs for the
space based control problem is, and will continue to be, one of the more technically

challenging aspects of these systems.
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V. System Configuration, Modelling. and Verification

System Overview

The hardware used in the modified ABE consists of an inverted cantilever beam with
base plate, two linear proof mass actuators, a structural dynamics shaker, four response
accelerometers, four integration/signal conditioning channels, the PC-1000 Array
processor and its host computer, a modified Z-248 personal computer. (The reasoning
for, and details of the Z-248 modifications are discussed in Appendix C.) Data
collection was accompiished using the B&K signal analyzer and a DATAQ A/D board
for the Z-248. The STAR Modal software package was used for frequency and
damping measurements, and Mathworks’ PC-MATLAB was used for modelling and
simulation as well as control system design.

Figures 23 and 24 show the system in its final configuration. The shaker
(Actuator C) is mounted 28 inches from the fixed end of the beam, providing good
control over second and third mode bending about the Z-axis. The proof mass actuators
(Actuators A and B) are mounted on the base plate parallel to the Y-axis. (See
Figure 25.) The proof mass actuators can be operated symmetrically to provide control
over Z-axis bending, and asymmetrically for control of the torsion mode. The arrows
indicate posiiive direction for measurement or force input. A fourth actuator was
provided for ar location 8 in the final model, but there is no actuator physically located
there. The fourth actuator was included in the model to enable simulations of a hammer
impact at position 8. The accelerometers were arbitrarily numbered with #1 at position
5. #2 is at position 8, and #'s 3 and 4 are located at positions 11a and 11b respectively.

Figure 26 shows the component layout for the sensors, controller, actuators, and data

acquisition devices. The integrated and amplified output of the accelerometers is fed

50




dniag wesaqg paodueapy £z oMmbrd




L

Position #1

#2 —_—
43 I
#4 —_—
Accelerometer 1 / Actuator C
45 —
TT 7
. —|| T
$7 -
48 _ Accelerameter 2 :'
é
#9 D ;
1
' J Actuators A and B
411 C — Accelerameters 3 and 4
Fiqure 24. ABE Final Configuration

52




uoTIRINBIJUC) 03T oseq dAqy  “4¢ OmbTyg

0°¢

g 103en3oy

0°1
Sk

J1

SL°0

0°v

—_— III¢TII 021

53

Y I03en3ioy 0°v
-t
l——<= [
0°2
4o
€40V ] ! ‘
—>




urabeTd YOOTd dday  "97 2anbTg

88Y~TTHT
IazAteuy
TeUDTS M3d a/y
-- === sdirgy I9MOd $103PN30V¥
B *3sd e
- - a3e
- o ) I
OJ
np :
T HH
- [ ]
m: SITNDIATY IHH
— o uoT3esUadu)
ermNm
[}
artz ALt
8vZ-7 ux 11 |eriz Y
0¢="D . mnHO 06=D
82 82
[ | 52 52
0001-2d II ‘duy  aojeabojul T g “PUO) | SI933DIS[I0OY
Teubts
@ e
o ® ® o o ®

54




into the PC-1000 which acts as the state estimator and controller. The PC-1000 is a
high speed programmable digital array processor, which has 12 bit A/D converters on
the input channels and 12 bit D/A converters on the output channels. Internal
calculations are performed using 32 bit floating point arithmetic. The PC-1000 can be
programmed for various sampling rates (up to 2000 Hz), input and output gains, and
estimation and control algorithms. For this project, the sampling rate was set for 2000
Hz, the input gains were set to the reciprocal of the measurement channel gain, and the
output gains were set to the reciprocal of the actuator gains. (Further information on the
operation and capabilities of the PC-1000 can be found in Reference 13.) The outputs
of the PC-1000 consist of control signals for the actuators and estimates of the modal
states. All of the inputs and outputs of the PC-1000 are available for measurement with

either the signal analyzer or the A/D data acquisition board on the computer.

Model Development

The model for the system is based on the final modal analysis data, and the
assumption that only the first three Z-axis bending modes and the first torsion mode
would be present in any response. Y-axis bending and all higher frequency modes were
neglected. Although the beam is free to move in the Z direction (Y-axis bending), care
will be taken not to inadvertently excite these modes. The higher frequency modes will
exhibit very low amplitudes (partially as a result of higher damping), and measurements
of these modes will be increasingly attenuated by the integration process. Although the
higher frequency modes could be included in the measurement and state estimation
model, they could not be controlled on the existing system because they lie outside the
control bandwidth. The model will also assume no coupling of the modes, and the same

assumptions stated in Chapter 1l for the modal analysis process apply to the model.
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The frequencies and damping used for the final model are listed in Table III, which
appeared in Chapter III of this report.

For the ABE structure with control inputs, the equations of motion can be written as
Mg+ Cq + Kq = Du (22)
where g is a 4-vector of generalized coordinates, M is a 4x4 symmetric mass matrix, C
is a 4x4 damping matrix, and K is a 4x4 stiffness matrix. For a system obeying the

assumptions stated above, equation 22 can be decoupled using modal coordinates n and

the modal matrix of right eigenvectors P to define a transformation such that

q=on (23)

The matrix @ actually contains components of the mode shapes which can be normalized

such that

d™™MD = | (24)

If ® is normalized in this manner, equation 22 can be transformed into

1 + [2Ce]n + [@%]n = @Dy (25)

The matrix [2w] represents a diagonal matrix with the individual elements 2C o,

representing the damping for the ** mode, and [0} is a 4x4 diagonal matrix of the

eigenvalues of equation 22. The above transformation requires mode shapes which have
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been normalized with respect to the mass matrix, which can not be directly measured.

A normmalization procedure was developed for this purpose, and it provided a way to
base the model entirely on the open loop measurements. However, before describing the
normalization procedure, it is necessary to define the generalized coordinates used for
the model.

Table VII lists the generalized coordinates and their relationship to physical
coordinates. The only constraint on the selection of generalized coordinates is that they
must be of sufficient number, (in this case, 4), and they must be linearly independent.
For this model the choice was made for ease of understanding, measurement, and the
method used for normalization of the mode shapes. Note that q,, which is a torque
displacement, shows units of inches. Because q, represents a differential displacement at

a known radius, it does in fact represent a torque measurement.

Table VII. Generalized Coordinates

Generalized Coord. Measured Coord. Units
q, Z5 in
Q: Z3 in
ol 0.5 (Z11a-Z11b)’ in
G 0.5 (Z11a+Z11b)’ in

" See Figure 25 for orientation of base
plate accelerometers.

For the ABE system we can look at the response of mode i to a shaker force input at

position 5,

.'ii +2 .‘Di':h + “’iz'h = ¢5JK,U (26)
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The control input has been broken down into command voltage (u.) and shaker gain

(K). If the shaker is driven at a mode i resonant frequency, equation 26 yields

oL 9K
w T 2o @n

The response of the beam at position 5 has the form

Zs = q, = d5,N, *+ ds5on2 + D3N, (28)

If the beam is being driven at mode i resonance, and there are no coupled modes

involved, it can be safely assumed that only one mode of vibration is present in the

response;
q, = s;n; (29)
With a driving point measurement at position 5, the ratio

gl = Qs.iz& (30)

can be measured with the signal analyzer. From this equation, the normalized mode

shape can be solved for in terms of the measurement.

b5, = [ %"(%31'” 31)
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Once a single component of the mode shape has been normalized using this method,
the remaining mode shape components can be scaled accordingly. This procedure
normalizes with respect to the mass matrix without having to solve for the modal
masses. Figure 27 shows the normalized mode shapes for the Z-axis bending modes. A
similar procedure was used to normalize the torque mode shape component, with the
exception that the proof mass actuators were used to make the driving point
measurement. Only the component of the mode shape at position 11 (the base plate) is
required for the torque mode.

Equation 25 can be formulated in the standard state space form of
X =Ax + Bu (32)

where the state vector x is defined as an 8-vector composed of n and 1, and A and B

have the form

A= 0 I (33)
-0 20w

B'=[0]|D" ] (34)

In general, the states of a structure can not be measured directly; often the actual

measurements can be described as linear combinations of the states

y = Cx (35)
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Table VIII lists the output variables and their relationships to the generalized and
physical coordinates. For this experiment, y is a 4-vector and C is a 4x8 matrix which

can be partitioned into

C=[Cceo|Cco] (36)

where the partitions C, and C, are the coefficients for position and velocity sensors,
respectively. Since position feedback is not being used in this system, C,=0. The final
state model for the modified ABE is summarized in Appendix B.

Table VIII. Output Variable Relationships

Output Variable Generalized Coord. Physical Coord.
Y, q Z5
Y2 Qs Z8
12 +q+ 4 Zlla
Y -q, + 4, Z11b

Model Verification

For the model to be valid, it must accurately predict the response of the beam to a
given input, providing the input does not violate the assumptions on which the model is
based. It should also provide accurate predictions of the closed loop system behavior;
i.e. with the controller and actuators engaged. In order to test the validity of the model,
simulated responses were compared to measured responses to known inputs. These tests
included open loop beam response tests, and both analog and digital velocity feedback

tests. The simulations were performed using PC-MATLAB, an interactive matrix
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manipulation, signal processing and controls software package. The closed loop
eigenvalues of the model were used to predict damping levels for the velocity feedback
tests.

The model was developed using open loop beam response measurements; therefore,
one would expect that the measured open loop response would compare closely with that
predicted by the model. However, the model assumes only three bending modes are
present, while the actual beam has an infinite number of higher frequency modes. An
open loop comparison of the time responses was needed to insure that the high
frequency modes neglected in the model are not a significant part of the response of the
actual beam. Figure 28 shows the predicted impulse response and measured response to
an impact with an eraser tipped hammer. All measurements and force inputs were at
position 5 on the beam. (The amplitude of the simulated response was scaled to match
the measured response, no attempt was made to simulate the physical impact.) As
shown, the form of the responses match closely. The initial difference between the
responses is due to the difference between an ideal impulse and a physical impact with
an eraser tipped hammer. There is no significant presence of higher frequency modes in
the measured response, thus validating the three bending mode assumption for the ABE
model. A similar test was also carried out for the open loop torque response.

Prior to incorporating the PC-1000 into the system, an analog feedback test was
carried out. This test used feedback of position 5 velocity to the shaker. The gains for
the velocity measurement channel and actuator C were combined in order to determine a
feedback gain for the simulation. For a velocity feedback gain of .708, the predicted
and measured damping levels are listed in Table IX. Predicted damping levels closely
matched the levels measured using the STAR Modal software. The log decrement

method could not be used to check the damping measurements because the response was
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composed of three different modes, each with its own damping ratio. Mode 1 damping
was not measured during this test because of the relatively small participation of mode 1
in the position 5 response. This test reinforced confidence in the model, and validated

the gains for the sensors and shaker (Actuator C) channel.

Table IX. Results of Position 5 Velocity Feedback Tests

Mode # Predicted Damping (%) Measured Damping (%)
2 (22) 21.8 219 .5
3(Z3) 72 735

A simple analog feedback test could not be performed using the proof mass actuators
because the mounting configuration required equal output forces from both actuators,
when in fact the gains of actuators A and B were significantly different. A simple
digital feedback test was designed using the PC-1000 which provided a simple means
for gain equalization and signal inversion when necessary. Originally, the test plan
called for first mode bending and torque response tests using only the proof mass
actuators as control inputs. Velocity feedback for the first mode bending test was to
consist of the differential output of sensors 3 and 4, while feedback for the torsion test
would consist of a sum of the outputs. The first mode bending test could not be
conducted because of the nature of the signals being used to drive the actuators. By the
time the unfiltered differential output of the sensors made it through the PC-1000, the
drift and noise was severe enough to cause the proof mass actuators to continually
wander into their stops. The state estimation and filtering process used in the later
controllers should solve most of the drift and noise problem; therefore, it was decided to

go on with the testing without further modification to the system.




The torque response test also had problems with actuator drift, but not nearly as
severe as that experienced while differencing the sensor outputs. The measurements
could be taken, but the centering of the actuators had to be adjusted after each impact
and measurement. The predicted damping level for this test was 11.4%, while the
measured value was 9% (as compared to 0.84% for the open loop response). While this
test did not demonstrate impressively accurate predictions by the model, the prediction
was not too far off for the model to be considered bad. Much of the error can be
attributed to sensor noise finding its way into the actuator circuits; no attempt was made
to prevent this from happening in this test. A filtering process prior to feeding
measurements back to the proof mass actuators should improve their behavior and
provide a more predictable response. Having said this, the model was considered valid

pending the results from the full-up estimator/controller tests.
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V1. _Closed Loop Digital Control

Optimal Control Methods
The state space model for the ABE system was developed in the previous chapter.

The resulting equation, repeated here, are

= AX + Bu (37

[t~

where x contains the modal amplitudes and velocities, u contains the control inputs, and

y contains the sensor outputs. The values for the constant gain matrices A, B, and C are

contained in Appendix B.

If full state feedback is used, the control input can be defined as linear combinations

of the state variables

(39)

=
"
¢
Q
¢

Generally, as is the case for this system, the state variables can not be measured directly.
For this reason, an estimator is required to reconstruct the states from the sensor outputs

and the system model. The estimator has the form

2=A%+Bu+K@y-9 (40)

C& (41)

[a=d
1}
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where % is the estimated state vector, and ¢ is the estimated output. The observer gain

K must be chosen such that the error in the state estimate defined by

e=X-x (42)

is stable. As stated earlier, the actual state vector is not available; therefore, the control

input must be based on the estimate of the state vector

u=-G} (43)
Equations 40 and 41 can be combined to provide
%= (A-BG-KOZ% + Ky (44)

which, together with equation 43 are the governing equations for the estimator controller
to be implemented on the PC-1000.

There are many methods for selecting the estimator gain matrix K, and the control
gain matrix G. If the statistics of the measurement noise and model uncertainties are

available, a cost functional can be defined for the estimator

J, = J:(LTQJL + YRyt (45)

where Q, represents the process noise covariance, and R, represents the measurement

noise covariance. For an observable system, a K matrix can be selected which
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minimizes the quadratic cost functional, and this is the basis of a Kalman filter.
A quadratic cost functional can also be defined for the controller

I = f6Qx + yRwat 46)

where Q. is a state weighting matrix, and R, serves as a control usage penalty matrix.
For full state feedback on a controllable system, a G can be determined which minimizes
this cost functional. This is known as a Linear Quadratic Regulator (LQR). The
combination of a Kalman filter and LQR is referred to as a Linear Quadratic Gaussian
(LQG) compensator.

Time constraints precluded the complete characterization of the process and
measurement noise statistics for the ABE system. For this reason a “true” LQG
compensator was not implemented. The same cost functional was used to derive the
estimator gain K, but Q, and R, were merely chosen such that the resulting estimator
damping (determined from the eigenvalues of [A - KC]) was 20-30% for all states.
Relative estimates of the noise covariance were used to determine a K which met this
criteria. The 20-30% damping for the estimator was taken from previous work on the
ABE.(8) This damping level provided smooth actuator commands without relatively
long time delays to damp out errors between the estimates and the measurements.
Higher damping seemed to cause excessive drift in the estimates, and significantly lower
damping allowed excessive error to build up. The controller gain matrix G was selected

based on the specific type of control being demonstrated.
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Optimal Control Design #1

The first controller was designed using LQR theory. Only states 2 (Z2) and 4 (T1)
were weighted, and care was taken to insure that the control gains were kept relatively
low. A high penalty was placed on input 4, reflecting the fact that there is actually no
fourth actuator; its presence in the model is only to allow for simulating impacts at
position 8. The resulting gain matrix divided the responsibility for controlling mode 2
between the shaker and the proof mass actuators, while ’.= torque mode can only be

controlled by the proof mass actuators.

In order to implement the estimator and control algorithms on the PC-1000, the
equations need to be converted to an equivalent dicrete time form. The discrete time
equivalent of equations 43 and 44 are

X = exp(ADDR, + AL [exp(ALdY) - 1] Ky, (47)
u =-G&, (48)
where Ot is defined by the reciprocal of ihe sampling rate, and

A, =[A-BG - KC] (49)

The computational format of the PC-1000 is

T < Fn F. Y.
e 1= | B ][] (50)
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where the dimensions of the partitions are: F,;: 16x16, F;: 16x32, F,: 32x16, and F;:

32x32. Putting equations 47 and 48 into this form defines the partitions as

F,=0 1)
F,=-G (52)
F, = A.'[exp(A.51) - T1 K (53)
F,, = exp(A..50) (54)

PC-MATLAB was used to calculate the partitions F,, and F,,.

Table X lists the predicted and measured damping levels for all four modes. As
predicted, modes 1 and 3 were mostly unaffected. The mode 2 damping level was not
predicted with the same accuracy as was achieved in the analog feedback test, but the
analog test used only the shaker (the most predictable of the three actuators) for control
input. The smoother actuator command signals provided by the estimator greatly
improved the behavior of the proof mass actuators (as was hoped), and the resuit is that
mode 4 damping was much more predictable than it was previously for the gain
verification tests.

Time plots were obtained for an impact and measurement at position 5, and these are
shown in Figure 29. The predicted response was generated by a simulated (and scaled)
impulse response at the same position. Beyond the initial differences due to the nature

of the inputs (ideal impulse vs eraser tipped impact), the time responses show good
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Table X. Optimal Control Design #1 Results

Mode # Predicted Damping (%) Measured Damping (%)
1 (Z1) 6.4 6-7

2(22) 5.9 53+£3

3 (Z3) 1.2 1.3%.1

4 (T1) 3.7 36+ .2

agreement. Figure 30 shows the alfect of the controller on the torque mode. The torque
mode was excited by impacting at the edge of the base plate in the Z direction. This
caused no measurable Z-axis bending. Because the sensors were mounted in the Y
arection, the resulting Y-axis bending did not show up in the measurements, (providing
displacements were small), and the resulting measurements showed a clean torque
response. Together with the model verification discussed in Chapter V, the results of

the first controller design inspired confidence in the model development process.

Optimal Control Design #2

The second controller design used the same estimator as the first, but the control
gain matrix was selected such that mode 2 was assigned exclusively to actuator C, and
mode 4 would again be controlled by actuators A and B. Instead of minimizing a
quadratic cost functional, the gains for the controller were assigned according to

U, = Ug = -}, (55)

uc = 108, (56)
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Although not obvious from the equations, these gains are significantly higher than those
used in the first controller design. (Less than half this amount of control force was used
for conirol of mode 4 in design #1, and less than one fifth this amount was used for
control of mode 2.) Once again, the controller was told to leave modes 1 and 3 alone.
Table XI lists the predicted and measured damping levels with the second controller
engaged. With the exception of a larger than expected increase in mode 3 damping, the
model accurately predicted the measured results. The discrepancies in mode 3 damping
levels may have been caused by drift in the estimator which was known to occur. Time
responses at position § are shown in Figure 31. The effect of mode 2 cancellation is
clearly evident in the time responses, and the predicted response closely resembles the

measured response. Figure 32 shows the effect of the controller on the torque response.

Table XI. Optimal Control Design #2 Results

Mode # Predicted Damping (%) Measured Damping (%)
1 (Z1) 7.0 6-7

2.(Z22) 203 204+ 3

3 (Z3) 1.2 1.6 £ .2

4(ThH 6.9 70+ 2

Estimatc Inadequacies

As described above, the estimator and controllers provided predictable results when
controlling modes 2 and 4. An optimal control design demonstrating control over
mode 3 was attempted, but the results were very unpredictable. After a significant
amount of troubleshooting, the culprit was found to be the estimator which was

implemented with the contollers. The weighting matrices for the estimator were
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modified, but this did not always help. In cases where the estimator damping on mode
3 was decreased (assuming greater "faith” in the model), the predictability and
effectiveness of mode 3 control increased only marginally at best. In cases where the
estimator damping on mode 3 was increased (assuming greater "faith” in the
measurements), the entire system would be driven unstable. This was perplexing
because direct measurement feedback without a filter actually produced predictable
results during the system/gain verification tests. (These tests were discussed in the
previous chapter.)

The root of the problem seems to be in the models for the measurement and plant
noise which were used to generate the estimator gains. As a first cut, these models
assumed uncorrelated, white, gaussian noises for both the plant and the sensors. In fact,
these are known to be time correlated noises. The sensor noises (which initially appear
at the acceleration level) become time correlated as they pass through the integrator
circuits. There should also be a time correlation between the noises on the modal
position and velocity states. Although the details will not be presented in this report, a
better method for modeling these noises would be to assume zero mean, white, gaussian
noises at the acceleration level, and then use a state augmentation procedure to combine
linear shaping filters for the noise with the original system model. Even with this
augmented system model, however, it is assumed that the acceleration noises are white,
and this assumption will eventually need to be checked. The state augmentation
procedure will increase the size of the final compensator according to the order of the
shaping filters, but the PC-100C can accomodate up to a 32 state compensator which
should be more than sufficient for this problem. The noise modelling and state

augmentation procedure can be found in Reference 21.
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VII. Modal Suppression Techniques

Theory
Using a reduced order dynamic model for the estimator/controller can significantly
decrease the computationai burden for a large system. While this is not a problem with

the ABE, it is easy to imagine a large, complex system which might have 50-100 modes

in the same bandwidth where the ABE has four. In general, a large structure will
present many more modes than can be reasonably controlled by a single system. If the
system can be subdivided and subsets of the modes to be controlled assigned to separate
controllers, the implementation of the control system can be greatly simplified. Often
not all the modes may require active control to meet vehicle performance criteria. In
such cases, reducing the order of the control model can greatly reduce the size and
weight of the requisite control system.

The difficulty with implementing a reduced order model is that the sensors will
generally still contain information about the modes which have been omitted from the
model. Also, since the actuators operate on a continuous structure, they will excite and
possibly destabilize these ignored modes. These effects have been classified as
observation and control spillover respectively (14). Work by Coradetti (15) showed that
spillover could be eliminated by finding a transformation matrix which is applied to the
feedback gains, thus "suppressing” the omitted modes. Calico and Janiszewski (16)
showed that eliminating either observation or conirol spillover was sufficient to ensure
stability of the suppressed modes, and they demonstrated a procedure for calculating the
appropriate transformation matrix. Wright (17) implemented this modal suppression

technique on a single bending axis of a cantilevered beam. While being able to show

increased stability in the second bending mode of the beam without destabilizing the




first or third modes, direct correlation between predicted and measured performance was
not achieved. Cristler (8) applied modal suppression techniques to a single bending
plane of the original ABE; however, observability and controllability problems
associated with attempting to control second mode using proof mass actuators located
near a node position prevented him from achieving conclusive results. Having corrected
the observability and controllability problem with new sensor and actuatcr locations, it
was decided to reattempt modal suppression techniques with the modified ABE.

The modal suppression technique begins by classifying the modes of the system as
either controlled, suppressed, or residual. The state vector for the system is reordered in

the form of

=[x %" x"] (57)

where x. is an n.-vector of controlled states, x, is an n,-vector of suppressed states, and
X, is an n,-vector of residual states. The modes included in x, are only those necessary
to establish satisfactory system performance. In general, the controlled modes do not
contain all the lowest frequency modes of the system. The suppressed states are defined
as those modes which could potentially be destabilized in the process of controlling the
more critical modes. The residual modes are those which can be safely ignored without
fear of having them destabilized. In a multi-controller system, the controlled and
suppressed modes would be partitioned into control groupings, and selected suppression
used to decouple the multiple controllers. (See Ref 16.)

Using this partitioning, the state space model can be written as

(58)
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X, = Ax +Bu (59

X = Ax +Bu (60)

y=Cx +Cx, +Cx (61)
The control input is defined by

u = -Gx, (62)

The coupling ¢f the control u into the suppressed and residual equations could excite
and potentially destabilize these modes; this effect is known as control spillover.
A similar situation exists for the estimator. The estimator has the form

4 =A2+BL +KE¥-9 (63)

g2=C& (64)

Note that ¢ still contains information about the suppressed and residual modes. This
coupling can induce errors into the estimated state and thus generate inappropriate
control commands, possibly driving the system unstable. This effect is known as
observation spillover.

To maintain system stability, it is sufficient to eliminate either type of spillover (16).

In most situations, it is more efficient to eliminate observation spillover. Eliminating
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control spillover would effectively require an additional actuator for each mode to be
suppressed, while the elimination of observation spillc;ver requires an additional sensor
(which is usually less expensive and lighter in weight) for each mode to be suppressed.
This experiment will attempt to eliminate observation spillover.

The elimination of observation spillover is accomplished by constraining the

estimator gain and output matrices such that
KC.*0 (65)
KC,=0 (66)

For a reduced order controller the residual modes are ignored, and the solution to
equation 66 can be found by singular value decomposition of C,. If C, is of full rank, a
solution exists only if the number of sensors is greater than the number of suppressed
modes. This is necessary because eliminating the observation requires constructing a
new measurement set W, which is a linear combination of sensor outputs. The new set
w is of reduced dimension because the suppressed modes have in effect been subtracted
out of the measurements. The dimension of w will be n, less than the original output set
y. The results of the singular value decomposition of C, are an orthogonal set of left
singular vectors which can be partitioned into two sets; defining the set associated with

the zero singular values as I, equation 66 becomes
rc,=0 (67)
Defining a new relation to represent the output after the suppressed modes are removed
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w =Ty (68)

equation 61 becomes

w=TCx +I'Cx, + I'Cx, (69)

If we ignore the residual modes and use the results of equation 67

w = TICx, (70)

The new estimator/controller equations become

% =(A,- BG - KI'C)% + KI'y an

u=-Gg (72)

The discrete time formulation of equation 71 and its adaptation for use in the PC-1000 is

identical to equations 47-54, when the full state matrices are replaced with their reduced

order counterparts, and the estimator gain matrix K is replaced with T'K.

Modal Suppression Design #1

As an example of the modal suppression technique, the control gains of the second
optimal control design discussed in the previous chapter were implemented on a reduced

order estimator/controller. State 3 (mode 3 bending) was designated as the suppressed
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state, and the residual states were defined as the unmodelled higher frequency modes.
As a comparison set, the same reduced order controller was implemented without
suppressing mode 3 from the measurements. The predicted damping levels for both
cases are listed in Table XII. In the case where modal suppression was not applied, an
increase in mode 3 damping was predicted; however, ignoring modes could have just as
well caused a decrease in damping to the point of instability. Although the potential
destabilizing effect is not predicted to occur in this case, other selecticns for the
suppressed modes, or a different structure altogether could have caused this potential
problem to materialize. The case where modal suppression was applied predicts (as
expected) no change in mode 3 damping. The same gains produce less of an increase in
mode 2 damping than they did with the full order optimal control design, but the “size”
of the compensatcr has been reduced and mode 3 should be unaffected by control of the

other modes.

Table XII. Modal Suppression Design #1 Predictions
Mode # Damping (%)

Open Loop  Without Suppression With Suppression

1 (Z1) 6.4 6.7 6.6
2 (Z2) 2.4 17.5 13.2
3 (23) 1.2 1.8 1.2
4 (T1) 0.84 6.9 6.9

Measured results from the implementation of modal suppression design #1 on the
ABE are listed in Table XIII. Although not predicted, the ignored mode (Mode 3) was

slightly destabilized when suppression was not applied. It is not surprising that the
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controller without suppression produced unpredictable results for mode 3 damping
because the estimator was not told to look for mode 3 information. The mode 2
prediction for the controller without suppression actually came closer than expected to
the measured values. For the controller with suppression applied, there is good
agreement between the predicted and measured values for mode 2 damping. Mode 3 did
not lose stability under the continller with suppression applied, but the measured
damping was significantly different than that predicted by the model. Mode 3 should
nave been unaffected by this controller, but the measured value showed more of an
increase in damping than it did for the second optimal control design. Suspected
reasons for this discrepancy are slight coupling between modes 2 and 3 which have not
been accounted for, and an estimator whose inaccuracies are much more prevalent in

mode 3. The estimator problems were discussed in the previous chapter.

Table XIII. Modal Suppression Design #!1 Results
Mode # Damping (%)
Open Loop  Without Suppression With Suppression

1 (Z1) 6.4 6-7 6-7
2(22) 2.4 i74 .5 127+ 5
3 (Z3) 1.2 10+.2 222
4(TH 0.84 712 702

Modal Suppression Design #2

A more dramatic example of the modal suppression technijue would demonstrate

that a middle frequency could be suppressed while both higher and lower frequency
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modes were being controlled. To demonstrate this, mode 2 was designated as the
controlled mode, and a feedback gain matrix was constructed such that actuator C would
control mode 3, and actuators A and B would control modes 1 and 4. The residual
modes were again considered to be the unmodelled higher frequency modes. A
comparison test was generated which utilized the reduced order controller without
suppressing mode 2 information from the measurements. Tablz XIV lists the predicted
damping levels for the two cases. Ignoring mode 2 without suppressing it shows an
increase in the damping level for that mode, but again, on a different system this could

have caused a decrease in damping and/or instability.

Table XIV. Modal Suppression Design #2 Predictions
Mode # Damping (%)

Open Loop  Without Suppression With Suppression

1 (Z1) 6.4 6.6 6.2
2 (Z2) 2.4 7.0 24
3 (Z3) 1.2 79 7.5
4 (ThH 0.84 6.9 6.9

The modal suppression design #2 was attempted on the beam, but the results were
extremely unpredictable. The reason for the unpredictatle resutts is the estimator which
was used in the control implementation. The weighting matrices for the estimator were
adjusted, but at best this caused a marginal increase in predictability, and at worst the
estimator caused the entire system to go unstable. In its present form, the estimator can
not be used for control of mode 3, and the suggested changes to the estimator mentioned

in the previous chapter should be investigated prior to reattempting this modal

suppression design.




Suppression of mode 2 was also attempted using direct measurement feedback. This
is similar to the analog measurement feedback which was run during system verification
phase, except mode 2 information was suppressed from the measurements. (The
suppression necessitated a digital implementation for this test.) The resulting set of
“measurements” contained one signal which was dominated by mode 3, and two signal
which were dominated by a combination of mode 1 and mode 4. The signal dominated
by mode 3 information was fed back directly to the shaker (actuator C). Table XV list
the predicted and measured results of the direct feedback implementation. Although this
test did show that mode 2 could be suppressed while controlling mode 3, it did not
demonstrate predictable behavior by the system. The measured demping in mode 3 is
significantly greater than that predicted by the model. This discrepancy is somewhat
disturbing because the earlier analog feedback test provided very good results.

However, the whole idea of using a modal suppression coniroller without an estimator of
some sort is not realistic in itself. This test was primarily designed to see if mode 3
could be controlled at all while suppressing mode 2. The suppression design #2 with

the estimator in place could not produce .ny significant increase in mode 3 damping.

Table XV. Results of Suppression with Direct Measurement Feedback

Mode # Damping (%)

Open Loop Prediction Measured
2(Z2) 2.4 2.4 23+ 2
3(23) 1.2 4.0 70+ .3
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VIII. Conclusions and Recommendations

Fundamental Issues

Prior to closing out this report, a brief discussion of some of the design issues which
must be addressed by this and other structural control experiments is warranted. One of
the fundamental issues is whether the experiment will represent a scale model of a class
of structure, or simply a controls experiment. The first category places much more
stringent constraints on the type of actuators and sensors, as well as the design of the
structure used in the experiment. For instance, in order to provide a model for a large
space structure, only inertial sensors and actuators can be used. Presently, the
availability of sensors and actuators for this type of experiment is limited. While
accelerometers can provide excellent measurements of structural vibrations, integrating
their output to provide velocity measurements introduces low frequency drift, and
integrating a second time to obtain position feedback would compound the problem
further. Most of the actuators being used in space structure experiments must be custom
made, and in the case of the linear proof mass actuators, they provide inadequate control
force for the lowest frequency modes. On the other hand, a controls experiment which
makes no attempt to simulate a zero-gravity envircnment has a wealth of options to
choose from in the selection of sensors and actuators. The structural dynamics -haker
used for the modified ABE provided sufficient and predictable control force, and there
are “off the shelf” optical sensors which can accurately measure both position and
velocity without the need for integration. Because these instruments often require fixed
mountings, they are not always appropriate for a LSS experiment; however, they can
perform nicely as feedback elements in a controls experiment. Although any control

system for a LSS will need to be adapted for and tested with inertial instruments, valid
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testing for the contrel algorithm itself can be run on a "controls” experiment.

Having said this, the reader might ask "Where does the ABE fit into this
discussion?”. The ABE was originally developed as a simple space structure model
using inertial sensors and actuators. QOut of necessity the ground mounted shaker was
added, thus invalidating the original goals of a space structure simulation. However, it
is the author’s opinion that the ABE still represents a valid controls experiment for the
LSS vibration problem. As such, the author would not be disappointed to see other
ground referenced sensors and actuators find their way onto the system. The results of
the ABE can still be applied to the LSS problem, as well as other applications for

control of structural vibrations.

Capabilities and Limitations of the ABE

The modified ABE is a simple ar:d usable baseline experiment for the structural
vibration controls problem. Because of the simplicity of the structure, it is not capable
of demonstrating some of the intricacies of larger, more complex structures which will
undoubtedly have many more vibration modes, with many of these modes being
coupled. However, the ABE does provide a test platform on which simple
implementations of candidate controllers can be evaluated prior to being tested on much
more complicated systems. Although the ABE has its idiosyncrasies, it is well
understood, and a good model for the system has been developed.

If the ABE is to be used in the future, several modifications to the system should be
considered. The first improvement should be in the sensor channels. The
instrumentation amplifiers in the feedback path should be replaced with low noise
amplifiers that also provide better offset and zero adjustments. Related to the offset

problem, the operation of the PC-1000 needs to be investigated more closely to
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determine the cause of offsets which develop in the state estimation process. Part of this
problem is caused by non-zero mean. sensor noise, and part of the prcblem may lie with
the estimator algorithms being used. Time constraints did not allow a complete
investigation of this problem. If offsets continue to be a problem, instrumentation
amplifiers should be added between the PC-1000 outputs and the actuators in order to
remove the offsets. Once the measurement channels have been revamped, a statistical
analysis of the sensors, actuators, and system model should be considered. This could
be used to design improved estimators and controllers based on stochastic methods.

Although the ABE is capable of producing predictable results using the proof mass
actuators, the behavior and low frequency output of these devices leaves much to be
desired. The actuator; have been "compensated to death”, and should be replaced before
additional compensation is considered. Alternatives to these include other proof mass
actuator designs, small pneumatic reaction jets, or additiona! structural dynamics shakers.
Another intriguing alternative is the use of torque motors to provide applied torque at
node positions. Small, but relatively powerful torque motors with flywheels could be
applied in equal and opposite pairs at node positions on the beam. These devices would
not experience the same momentum storage limitations as the linear proof mass
actuators, and they also represent a significant size and weight savings.

An additional use for the ABE which has not yet been fully developed is its potential
for testing different system identification techniques. Adaptive parameter estimation
techniques which account for changes in the configuration could be tested on the ABE.

The importance of these methods is due to the fact that a complete modal analysis on an
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actual space structure can not be conducted each time the configuration changes.
Related to this problem, robust control algorithms which allow for parameter changes

could also undergo preliminary testing on the ABE.
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Appendix A: Component Specifications

. KAISER
NEAR MOTORS ELECTROPRELCISION

DEFINITIONS (Continued)

CONTINUOUS AMS CURRENT ~ Uting Mmasimum DOwe: IraLi0aN0N anC SOHE MORDRNCE LRINCE 11 1§ ESSEALRIY ‘CT Kl vl 3 MBL MU Cutrent
FANAY CAN 3@ CAC L2100 1r0m Pmi IR MOWSVEr IA€ 103/S1ANCE USEA 10 TAIL TAICLNON 1§ A1 MALIMUM LEMOTaILIE ASEINE *20r 1e=Dea’ e vaive
@ven On tne 3ala shee!

The re3:StaNCEs Of DOIN INe CON NG IRE SECONTRMY NCredse &l O 4% 0er degrae Ceisius 3n0 NG IyDeCal 1@MDEIBIUI® 3@ Of 'he 87 ZACAry 3
SDOU! I 2 1ARL OF ThE Con RMS Crrent rating -8 CAKCLIAIRT *OM i INTOIMBNION Of MESsuUr®q S1DENMENtANy

AMS Curent 7a1ng MuItiDHed Dy 10MCE CONSIANT Gives AMS 10MCE 1aling This .3 a usETU! NUMDE! Of COMOBNNG CADAD 11es Of MOIOIS 3ND '3 >1Mud
10 rBted 1Oraue Of 8 rOray MOtOr

PULSE CUARENT ~ Three '3C1008 il the MEXIMUM CUrreni DUISE thal May OR 80DIE0 [u iRe ™OI0.

¢ Demagnetzanon

? Nestng GAMAQE 1O 1N COd CONNECIONS

& PRysucal 3rENQIR Of the armature 8338mMOly
Armgiures are Noraly tesied for SUENGIN 31 NN 18MOS/BIUrE 5O MAT THS 121,Me MOOE SNOUIT NOL DR Ihe wrrvting One The OThe! rwO Df L #3385 OeDend On
CQurent Duise waath 28 weil a8 AMOoMuoe mml'l.!m NIy DECOMES § DrODMM B! SBCONCATY CUTENt WNOSE 'lus COOCHES 3MATUre Nus 0eCays
D«IM' 10 CONNECTIONS 0Ny OCTUrS A (NG CUTENt DuSe 1§ 1O0NG ENOUGN 10 NESL TReM esCesEively The vaiue QGIVEN 0N IRE 373 SNERT S B CONSe vAlive
Ong DASEA ON leslE ANC SAOENENCE

| MODEL S12 LINEAR MOTOR |

™a MOoE! 512 8 10r USE In AIC rECOTING Iyweiscg 21T OIhEr MOTOR CHARACTERISTICS AT 25 C
BDORCAIIONS (BQUINNG  38NVO CONroNmd wnear mouon  Conslant
torce ange 18 C 9 mCives Total sirohe ' ' nCn Sorce Consiant - Smemo %
Ca OC Bewsiance o6 onms !
SOeC I8! uNITE CAN OB DUl with 1OrCe COMIANT UD 10 L fr #MO
PR « tlmmog e ]
[ERVITHY il j
THE eI Aeget IR LT R ]

MAXIMUM RATINGS AT 25°C AMBIENT

o= Temonaivie LR [t
o’ Des-0810n - Ja aminy
< Lad Jee 1 - g o [ amps
CUANGIONS Lagnae T S TS C e
MODEL S17 LINEAR MOTOR
The Mooet 377 & & oe™arentmagnet mowng cor OC wngar MOTOR CHMARACTERISTICS AT 25 C
MOIOr T3 GAEG 1Or DOBIONING NESAS ON 1OD0Y GiSC Or'ves and tor B8 WINOING ~ @MCIICA: CRATACIEN SICY 1O ONe Na X winging
CINGT ADDCANONS (GOLIING § ZOMDSCT et Onver The Jonswant
force sirome @NQI™ Of The $1ANGHIT uret 18 | 8 ,ACNES SOECA! ™Otors £rie Constane L] -p
Gl e Same JEMeTer Dut JTE8IET NQTH CON DE C8gned tor SIToRe .. 0C Revainm o RN

Qe ™MENIS uD 10 ] CREt wNOul W08 Of effiC.enCy Cusiomer
OOC 180 SOV TEMSIANCES BNA MOUNING MIGrECES CAN DO DrOwoRd R L UM R AT 10 e e
SenQie Ana D1~ WOUNG CONS 376 SVIADIe

b retontmg 18 m- LN
Cnmemps Sy Nigme e & . T mae:
L‘:' b T wan «r
‘r- ' “wa Mot Wege: 1 e J
[

L

1
- ! i MAXINUM RATINGS AT 25°C AMBIENT
| ) 1 Loe Temame stuse iR e
! Powe: Onsesior LI L1}
- Cor LY —— Q- e
SO SeONS (wuphmns S S o oove

94




weibetrq 3nox1) IoTj11duy aomoq

Mg vy =1 AN
e gi::i
e — AN
YOv ‘2Y
A Gi-
AN’ ﬁmmw —
~ 100 _Hlﬁiou:lli\_l .
1N 1°28 ¢J e
+ 1o e Mioueg o
.,H* l«m@\f 9 16 "
T} —e —o0
8l~ xoam/m\/\Wc i

NQ° uDON
23 10

NG+

NS/

NST+

95




ENDEVCO® MODELS 2262-25/2262C-25

LOW g (DAMPED) PIEZORESISTIVE ACCELEROMETERS
=299

The Moces mzsanc 2202C-29 Amom«mmmqm 'O MESlLre 8 DFOAC veNEfy Of 1ONQ JUrBHON Ow evel
e 3ton onenomens ENCEVCO S PIEZITE® Tvpn P! | ewemenis /¢ e 0:0veq 7 § DNAQE CrCusl 10 GOLAIN & AN wver

OuAOu! 8t 225 3 fwi 1CA ThS OULDUT 13 NIGN ENOLGN 10 OrVE MON! 1208 FECOICErS B1G \OW 1EQUENCY JAIvENO™eIers QIrec! v
WHROUL S OHICANON The MOGE! I282C 32 LN-wwe 08ViCE NAl Utes & Dau O’ 160G 19131078 1N NBIT ING DNOQE (O Dresent 3

WRSIANCE (D TE QB Ol O WQEAIE PO WNUNL CHHDRION 1PCPNGUET

AITROUGN (Ne BIE0 (BNGE Of Mese rINIOUCETS 3 225 0 Mey May D8 UMD 10 240§ A UNQUE SYSIETN Of OVEIFTANGE 31003 VTS
T MOVE™ENnt Of NG SEMIC HEMEN! MOWING NG U NI (G wIRSLANG JAOCH ue 0 80 e
VM /COUS JIMONG E218NAS eV usdiu TEQUENCY 7ANQE AT OUCES ¢ $PECt I JOUNOUS. "GN TEQUENCY vIOrBIONS
TVOCI JOOICANONS 'Of (NEIR ICIENTOMEIES ACILOE ITANIDOTRION BNYVIOA MRt ‘eIing
MrUCIurd TEMOSrE 3NA COMOINED SNVIFONMMENIS Of 1SS0V JALE ACCENYALON DS TRNTEN! NOUtS

. —— .

TAR e sms 90 YDC 8 ~TTT | +26°C) svams ofewas Wecruag |

wooa. m-u*‘k

wOOtL IRC-8

PERFOAMANCE
RANGE [} 223 -
SENSITNTY
& 10 VoK mounon et 100 M)
T youcay Mararraarn mvQ 208 e
NON-UNEARITY § HYSTERESIS
N O MICNG AL T L I L I 1N E3l
FREQUENCY AESPONSE
8% mas -l 100 2y . Qto 850 0o &0
MOUNTES RESONANT FREC ra 30 00
CAMPNG RAT:O 07 ~01%-0 ¢ a7 -g1y-a10’
TRANS vEASE SENSITIVITY ‘maa - 3 3
THEAMAL SENSITIVITY SausT
. T8 -2e°CH) . A-00-y-4 -4 -0 -V-3
F Q.2 TS 150 - X0 W2~ T - 150 + 200
‘T - -e e A - AL AT R g o)
LEMC SEASURAND QUTH” ‘maar =Y 128 po-]
THEAMA, JEAC SHIFT maa’ mv 220 =0
BASE STRAN SENSITIVITY
‘- 2 aveen €C g 0008 J008
TECTRICAL
EXC.TATON® vec 00 00
et T RESISTANCE® 0 w0 00
QuTP,” AES. STaANCE 0 a0 1000
INSULA TON RESISTANCE
arenure o 00 vac) MO 100 mady 1 Case IO wecm tO Cane
SACUNDING CaDew snwe ZOM MO (0 CaS  _aDm Vastd COMMON 10 Cabe
Care 0060 O™ 14rsors (488 SO FOM SENSOn
PHYSICAL
WEIGHT eacuang CaDme! at g 28 m
CASE MATgRAL Svaess siee voe 4'8 Swem usw tyos 476
ELECT™ Ca, JTNNECTIONS I 8 W8 O CONNRCTOr WY W2 0w CONNECIOr
MOUNT'NG TIRCUE o 'or ‘012 MOUNteng Hud e 'Y (012 monnag nug
e 2 Ny TR gt 2 Ny
ENVIRONMENTAL
ACCE_ERATCN MiTS
T MY Qe O
Statc ] 250 0
Serwasomae 9 30 20
Sroce 9 200 200
TEMPEAATURE
doersnrg “#.°C; 00 ~200:-'8t0 ~X} Q0w ~20 - 810~
NOn-- 08 K0, w220 -29'0 -0 -0 -0 ~29:3 ~104)
reamOn T MOTNENCISry SO0 U WG~ NerTietICIY W0 DY weeo-

NG NG QUERS-0—TEUN AmOr

€Q N0 Pat-O-em Naon

et ‘3180 rANQE WAAOUT CBUDCATON

TTANSNT ACCOWY BLONS ON ArQe

CALBAATION DATA MIFPLRD
ST 30T e 1000 v encanen

FREOLAC * SEIPOMNSE AArGE Aarge » =
WA AT . W mv.g
ZEAG AL AND QU TRYT Lad

AN "RArSVERSE SENS TV TY

MOUM TED SESOMAN T 8§ OUENC Y
Dt e, RA T
BT AND DU TRUT AEUST AsCT

Core ruma oroouct

N o Camre taraeey

-
Agnny ot s dnrngury
[¢]

ACION Qur NG OrOGUCT GBS T MO0 O BTV QIve
COIPD wttt COMMIv e WONCACEION \Sve MEOR 18 "ITe E1OPD SYNOMy Ol i "ouaDady

- —_— - i

haea

’
- -
an sy T
o+ ! ' .
o —yit N
PV T ——— =
N .
- o [
Prgii i H
- - - .
Liad roo-
L —
Biieh
e
ISy S
R
T
~ = Y e
o L .
S e
e N
_—ens
——
P ppresmt iy
p ¢ lT.Dw=e
N _ L=t
N
PO
byt
ST =2

nOTES
NON—_ 08ty aDCve J8 4 2T O NB0G ™A
~m g %3
”’mv UOOT W A B MO "o F Ty
BB L s Sy 1 T X (L S i
g 2000 ~1
Merma 2800 308 muieormy 108C w0 we 4 T
SN0 -8 -30°C cewwenca CVF 26T
Mueg ecarom ;P00 /0C TN dran Jage e
TN B 4 20N STONWLCE DT AT
WRALNCH H ADOFOLVANRy S 3% o (S
SOtrer 620 A1ON .OraQES Mav OF 4eC 0 30 var
DAt SNOAG DO 10WCH WO & Ty N WOWE ‘O IO §
TOrS SCCo M Cle OFBEON  WAITPAD 1 10 T B
IOSCHCHIONE & w0 MR TASYNT  ENOIVCD
UDOs 447) SQne LONOMONE 4 SCITYTAraus 8
T FECIATON W08
“Mees./0na 81 a0C Deemasey
CTABAER W A0 20 <ONSQ8
ACCEISOAM S 1L LOSR

“ooe 798-) 1012 o Moos I98' -« W3 mesw
Ourwwyg sna
IM1- 2% woow XI778-10 Capw Astavniey  &<cON-
R Nmaeg D e T8 ong
2MC- 1 “oor QDB XN Catwe Assermore bcon-
NI Wmoma I TR o ong
s Mmnem B K MY T @ e v———

1. N e

JOC SrOQe vasarCce

1980ne TN TGN 10 MOy PSE SOSCINCAIIONG =N, "ONOR
lwmmnwwwvwmw-wmnm.»v\“am TS 0 CQBM ACROR M ON 1O ERADmTY
Quasty Corror

ey

anOEvece
worg Mescouews  X0700 Rercho Vier Rosd Sen asn Caomerena CA §2875 USA (714) 4G3-8181 Tee 83-5608 TWX 910-588-1419

SCDON rOC. reh. s MCTres

96




HPD SERIES—HERMETICALLY SEALED

e HERMETICALLY SFSLEDBY TIG AND

EB WELDING
o IMPERVIFCUT O MDSTILE ENVIRONMENTS
e THR{ 2um-BORE CONSTRUCT!ION

HEC Series units are simiiar to tne DC-D and HCD Series.
Tungsten nert gas (TIG! ang electron besrm (EB! weig:
Ing OrOviOe hermetic sealing that 13 ‘ree from oxigation.

GENERAL SPECIFICATIONS

1npu!t 215 v DC inominel), 220 mA
Operating Termnper-

sture Range 0°F 10 +16C°F (-18*C 10 +70°Ci
Surviva. Temper-

sture Range -65°F 10 +200°F

(-55°C 10 =95°C)

Nul! Voitage ov DC
Ripoe Less thar 25 my ™ms
Linesr 1y = 0.2%% tuil range
Sty 0.125% fuil scae

(PIN TERMINATION)

producing tauln thet may cause leaxage For this resson,
MPO Series LVDT's sre impervious to dirl. water. stesm
50rdy. 8Nd MOST corrosives. T hey have been qualified at
pressures ue to 1000 peig (70 bars) and are suitable tor
numerous high-pressure applicat:oms. MPD unis emoioy
s grass4esied. pin-terminal heacer that allows the core
ang core rod 10 pass through the uniz. HPD units have
couDle magnenc shieiding that Mmaxes them insensitive
10 externsl magnetic infivences

Temperature
Coetticiant of
Scate Factor

Shock Survivel
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ACOUSTIC POWER SYSTEMS, INC.
Systems for Generating CoMtrlieq Vication

SPECIFICATIONS

Average Output, nlo shaker reactive load
Peax Output. .nto shaker reactive 0ad
Currert Qutput. peak rfangom noise!
Current Output. continuous

Frequency Range

input S.gnal Voltage

‘nput impedance

Noise — referred to raax output

Current Monaor output

rput Power

Rear Panel Canrectors
Prower Duiput
rout Currert Mortor
AT Power

fegnt

S v D

SPECIFICATIONS

input Signal Level
Input impedance

Output Signal Level

Model 114
125 V-Arms
250 V-A rms
60 A peak
40 A rms
0-2000 Mz
2 V peak
100 X ohm
-30aB

250 mvV A
20 V.50 O Hz 300 W

220 240 W cpvora:

WK3-31S Cannon
BNC Type 3 ea

Sid 3-P'n Receplac:e
25 b1 3 kg

522 x 17 x 925 ncres
133 x 432 x 235 mm

Qutput Source impedance

Frequency Range

Nowse — referred 10 max output

Weight
Size HxWxD

Model! 124
250 /-A rms
500 J-A g
120 A peax
80 A ms
3-2900 =z
<2V peak
100 K ohm
-30 08

125 MV A

120V 30 A Rz ACO W
220 24C v cptora

WK3.315 - Cannor
BNC Tvpe 2ea

Sta 3-P r Receplac e
45 D 20 «g,

17

522 x 7T x 323 n¢cres
33 v 432 x 337 mm

Model 115
1V peak

GO K ohm
01010 V peak
50 ohm
0-5000 Hz
-30d8

10 b 14 5 kg

Model 124-EP
250 /A rms
50 /-A peax
B30 A peax

B30 A rms
32000 =z

2V Deak

K ohem

-3 a8

28 my &

20 B0 ARG M AW
240 4 aptora

NK3.313 Carner

BNC Type g
Sic 2P r Rereptal @

150 27 g

S22 07 ¢ 1308 rrmac

33 ¢332 ¢ 337 T

522 x 7 x 625 nches

133 x 432 x 139 mm

Note Rack adapters are included with ampiiers & control panels tor standard "9-n0 rack mountng

SYSTEM CABLES Shaker o Power Ampittier

System interconnect Cable 0081-20A-2C Slandard 'ength 20 feet section A, 2% section C
Modeis 113, 113.AB and 113-L.2 . Models 114 123 & 124

System Interconnect Cable 00B1-20A Standard length 20 feet

Moders 113-LA 1205 129 and 220, 1o Models 114, 123 124 and Extension

5731 PALMER WAY. SUITE A, CARLSBAD, CA920C3 US A« {619)438-4848 - FAX (619) 438-8845 + TELEX 4995113 'SHAKE]

Genmet n € a
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OPTIONAL CONFIGURATIONS

APS 113-AB Alr Bearing Model Arr
“ubricated bushings replace the iinear
ball bushngs used 1n the hasic
ELECTRO-8SEIS armature
quidance system In addition an air
distribution system. tie down ang
ieveling tase are provided

The near zero friction of the aif
bushings s an essen’at featyre tor
measuring resonar.ce decay rates in
/ery nghtly Jamped structures

The A Bearing configuration extends
the apphicahon of the basic APS 113 1o
include the calibration ang evaiuation
of accelerometers and ather mation
transducers in the seismic t rquency
range

APS 113 witn
0112 Reaction Mass

APS 113 wir Bearing Shaker

APS 113-L.Z Low Impedance Coil

All teatures of the basic
ELECTRO-SEIS Shaker are
retainea The @ wve coil 1s wound i1 a
manner which aillow series or parallel
connection, Jtfeiing the user the
chorce of stardard or iow mpegance
This opltion 1s required if the shaker is
10 pe used with the APS 124

SLUAL MTCT Power Amphfier for
exterged trequency range or random
norse ”xcitation

APS 113-HF High Force Coil

Ail features of the pasic
ELECTRO-SEIS Shaker are
retained as in the APS 113-LZ The
drive coll s provided to match the
APS 124 DUAL-MCZCC Power
Amphitier for 40% increase n force
with a 50% duly cycle 11 2 hr cycles

APS 113-LA Lightweight Armature

The budy of the ELECTRO-SEIS
Shaker is retained but the armature
ang guidance system are replaced with
elements of‘ering substantial weignt
reduction The drive cot s hight2ned

— with corresponding reguction in
maximym force — and the armature
guidance system elements are reducec
N size and weignt This resuits in a
corresponding reduction 1n Cross axis
stiftness and 10ad carrying ability The
iong stroke capability s retained anc
the frequency range fo: maximum
force output :s extended to 1000 Hz

The Lightweignt Armature '5 3
desirable ‘eature when using the
shaker tor excrting structures having
low mogal mass

SPECIFICATIONS
Maxmum Fixce /mctor

Mas.mum seorty secion

Model 113
200 AN

Wns 76Becms

Mode: 113.A8
XL 13BN

Mode! 113-LA
‘0D 45N

Vs 76cms N nc bcms

Max mum Slroee 5.5 525 n 58 mm 8250 158 mm 625 n '58 mm
Armature Negr 43b 22xg 510.23kg €710 300§
Maxmum Overhung (oad at
Armature Alachment Pt 201 3xg 2b 9xg 2% 9Ixg
A Prasswre Requirng N A 30 p8g. 2 kg e N A
Asmature Cos -mpeiance 3 Chm 8 Ohm 4 Ohm
Totas Shaner Musgnt 80 H 36 g 80 . 36 xg P51 34eg
Shpping MG 00 b 45 kg 100 B 45 ug b 43xg
Dverat Dimens.ons
Length 207 n 526 mm 207 n 526 mm 207 n 526 mm
Nt 4.0 213 mm 8§40 213 mm 84 13 mm
Hawgre $6n 68 mm 56 n. 168 mm 56 n 168 mm
Maic g P reeme Ampihen
HNEWEVE APS 14 APS 114 APS 114
Rangom
QY

Mode! 113-L.2 Mode! 112-HF
0D BN 426 86N
Wins “bem s Xrs’6ims
625 n 158 nm 525 :n 58 mm
$01b 227 xa 4910 220xg
20 3xg X0 Ing

N A NA

8 Ohm 2 Obm 4 Ohm

80 b 36 g 0 b X6 «g
00 b 45 g ‘00 b 45 xg
207 0 526 mm 0760 526 mm
840 213 mm 34 n 217 mm
66 . 68 mm 56 n. 168 mm
APS 124 APS 124

APS 124.EP APS 124-€P

‘50w Oure Cyom




Appendix B: Advanced Beam State Space Formulation

1 T
‘ 0 | ;
o , |
| 0 1
A = J 0 !
-153.21 1,584
21672 -6.949
156292 -9.567 !
70359 -1.407
1.2163 3.9336 3.2403 0 1
b - l 23689 9.9497 5.2033 0
L 6.1463 - 7806 -.6255 0 \
{ 0 0 0 6.5328
] 6.1463 6.1463 12165 1309
®'D, = -.7806 7306 -8.9336 9.9497
6255 6255 -8.2405 5.2035 l
| 65328 6.5328 0 0




12165 8.9336 8.2405 0
Cab = 3.3689 9.9497 5.2033 0 |
6.1463 7806 6255 6.5328 |
| t
L -6.1463 7806 6255 6.5328
r ~
B:io | C=[OIC,(!>]

For the estimator used in the optimal control designs of Chapter V'

Q= .1* Itdxd) Ro =50 » Ii4xd)

G = [ I4xd) | 1(4xd) ]

0o = GQG'
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For the controller used in the optimal control design #1

Rc¢

— -

t9

t2

10000
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Appendix C: 7-248 Modifications

This appendix discusses reasoning for, and results of a modification to a Zenith 248
computer. The modification was performed by Capt. Dave Jacques (GAE-89D) and Mr.

Dan Rioux (ENY Lab Technician). The modification consisted of the following:

1. Installation of a 386 upgrade kit. This kit replaces the 286 microprocessor, main
memory, and the 1/O card.

2. Installation of a 64KB memory cache board.

3. Replacement of the 2MB memory expansion board with a 4MB (32 biry
expansion board.

4. Replacement of the 80287 math coprocessor with an 80387 math coprocessor.

5. The addition of a 40 MB hard drive.

Background

The subject Z-248 machine is being used in the aero ab (room 150) for structural
dynamics and control research. The STAR MODAL software package. together with a
B&K Signal Analyzer, is being used for experimental modal analysis. STAR MODAL
runs under Microsoft Windows on the Z-248. Because Windows is a graphics
environment, any programs which use Windows as a shell are inherently slow. The
problem compounds itself each time an additional window is put on the screen. STAR
MODAL has the additional complication of requiring lengthy calculations to perform

many of its functions. Articles in PC Magazine and other publications suggested that

Windows applications are best suited for 80386 based computers because of the
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increased speed of these machines. The aero department already had several 386
upgrade Kkits, and it was decided that the subject Z-248 would be used as a test case for

the vpgrade kits.

Discussion

The basic upgrade kit consists of a backplane board, 16 MHz 80386 microprocessor
board, IMB Main Memory Board, and [/O Card. The new backplane board provides 32
bit expansion slots for additional memory boards, as well as 8 bit and 16 bit slots for
standard Z-248 cards. The microprecessor board provides s!ots for both an §0287 and
an 80387 math coprocessor. Installation of the upgrade kit requires complete removal of
all circuit cards in the Z-248. The new backplane board used the same mounting holes
and hardware as the old one, and there were no complications with the installation
procedure. The entire process of installing the upgrade kit took approximately one hour.
The 2MB (16 bit) memory expansion board that was present in the Z-248 prior to the
upgrade could not be used because the 16 bit memory card is not compatible with the 32
bit slot in the new backplane board. All other cards (including the video card. Codas
A/D board, and GPIB board) are compatible and are being used in the upgraded Z-248.

Benchmark tests of the upgraded Z-248 revealed significant speed increases due to
the 386 processor. The PC Tools speed rating was 890% (% of original IBM PC
performance) after the upgrade, as compared to 375% prior to the upgrade. (The
standard Z-248 uses an 8 MHz 80286 microprocessor.) Despite the significant
improvement in the benchmark tests, the difference was not nearly as noticeable while
running programs. This was primarily due to slow disk access times. Additional delays
are caused by a fast processor having to wait for slower memory, and at the time of the

original upgrade the 80387 math chip had not yet come in. Therefore, the computer was
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still using an 8 MHz 80287 math coprocessor for numeric calculations. Once the new
math chip was added, times for numerical computations decreased by more than a factor
of two.

In order to alleviate delays caused by the memory limitations, several other
modifications were made to the Z-248. A 4MB, 32 bit memory expansion board (Z-515
card) was installed primarily for use as a RAM disk and disk cache. A 64KB high
speed memory cache board (Z-525 card) was installed to improve memory access time.
A memory cache works in much the same way as a disk cache by writing most
frequently used information into high speed (25 nsec) memory while the system memory
operates at a slower speed (100 nsec).

The memory cache board made a modest improvement in the benchmark ratings,
improving from 890% to 960%. However, the combination of the RAM disk and the
memory cache significantly improves the speed as seen by the operator while running
applications. The delays in waiting for graphics screen recalculation much shorter. In
general, the computer is noticeably more “lively” with the additional moditications.

There were several annoying problems encountered while installing the memory
expansion board which should be noted. The memory board can be used for either
extended or LIM/EMS expanded memory. If the LINJEMS memory is to be used. a
device drver (EMM.SYS) must be loaded in the config.sys file. This driver is only
found in Zenith DOS vercion 3.21 or later. The first problem encountered is that the
diagram found in the board installation instructions does not indicate how much memory
will be set aside for EMS under specified switch settings, The Z-336 manual supplied
with the upgrade kit should be consulted for this information. A second probiem
encountered is that Windows v2.03 would not run if EMM.SYS was loaded, thereby

eliminating the possibility of using LIM/EMS memory with this version of Windows. It
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is possible that a later version of Windows would have alleviated the problem with the
EMM.SYS driver.

The second hard drive was added for two reasons; additional disk storage was
required for programs and data files, and a faster hard disk access time vras desired.
The hard disk that came with the machine was a relatively slow (67ms access time)

20 MB drive. The new hard disk offered modest speed improvements (40ms access
time) and double the storage space. To further enhance the disk access performance, a
hard disk cache was set up with the additional memory on the 4 MB expansion board.
The only disk caching program which would work with Microsoft Windows was
SMARTDRIVE (supplied with Windows); therefore this is the program which was used.
SMARTDRIVE significantly improves the performance (read speed) of Windows by
allowing it tc read disk files from fast memory instead of a relatively slow hard disk.

An additional problem which developed not related to the upgrade kit (as far as
could be determined) was software limitations brought on by Windows. Desqview-386
multitasking software was purchased with the intention of using it on the moditied
Z-248. However, the 336 memory manager supplied with Desgview (QENMNM-386) was
incompatible with Windows. This seemed to be primarily a problem with Windows
because it was the only piece of software which was tried and would not work with
Desqview. This problem only reinforced a lesson which was leamed during the course
of this modification, the lesson being: Microsoft Windows is not contigured to a

particular machine, the machine is configured to Windows!'

Recommendations

Graphics based software is inherently slower than text based programs because of

screen recalculation. These and any other computationally intensive programs stand to

106




benefit from a 386 upgrade kit, and this option should be considered. However, the old
memory expansion boards are not compatible with the upgrade kits. If RAM disks or
other expanded memory applications are to be used, new 32 bit memory boards will
need to be purchased. Additional speed increases can be realized by installing 2
memory cache board, and if the primary applications on the Z-248 are math intensive,
an 30387 math coprocessor should also be considered. An additional performance
enhancement which was not included in the subject Z-248 is a high speed video card.
There are many 16-bit video cards commercially available, and these would make a
noticeable difference in the screen refresh rate for graphics hased software. A word of
warning on the 16-bit video cards however; the AFIT AERO department machines
equipped with the CODAS data acquisition systems are incompatible with these cards
because the CODAS system requires a jumper connection to an EGA monitor, while the
16-bit cards have only VGA connections. (The video modes of these new cards can
handle the EGA modes, but the hardware connections are incompatible.)

The only problems with the entire upgrade were due to the memory expansion board.
Zenith should be contacted concerning software incompatibilities between DOS,

Windows and the memory expansion boards.
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A baseline experiment is developed which can be used to evaluate control
systems for large space structures. The experiment consists of an inverted
cantilever bean. Proof mass actuators and a structural dynamics shaker provide
the control forces, and integrated output of beammounted accelerometers
orovides velocity feedback. A ovrogrammable controller allows different control
alagorithms to be evaluated. System damping and frequency response are
determined with and without the controller engaged, and experimental results
are campared to analytical predictions. Modal suppression technigues are
attampted in order to demonstrate active control of selected modes while
maintaining overall system stability.
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